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The growing population in urban areas necessitates sustainable transportation policies 
that encourage reduction of vehicle miles traveled (VMT) through the use of energy-
efficient vehicles, efficient land-use planning, and use of public transportation including 
transit bus. Transit buses in the United States are powered most frequently with diesel 
engines, followed by compressed natural gas, liquefied natural gas, and hybrid-electric 
diesel engines. Transit operators seek to reduce fuel consumption (FC) of their buses and 
also reduce emissions of criteria pollutants and greenhouse gas (GHG). The FC of transit 
buses and their emissions are mostly influenced by drive cycle characteristics, passenger 
loading, and terrain conditions, including road grade.  This dissertation developed a 
model for predicting FC of transit buses from average speed, passenger weight, and road 
grade. Chassis dynamometer bus emissions and FC data, collected from thirteen 40-foot 
transit buses driven with diesel, lean-burn compressed natural gas (CNG), and diesel 
hybrid-electric technologies were analyzed in this dissertation.  
  
The study first analyzed the characteristics of twenty-three chassis duty cycles to 
determine the most important parameters that affected FC and emissions. The analysis 
showed that cycle properties such as standard deviation of average speed, percentage of 
idle, characteristic acceleration, kinetic intensity, and stops per unit distance were closely 
related with cycle average speed. A cycle with low average speed contained stop-and-go 
behavior, with multiple accelerations and decelerations, whereas a high vehicle speed 
cycle was steadier. In this way, average speed was found to be inter-related to other cycle 
properties.  
 
The experimental data were collected on a subset of twenty-three test cycles. Average 
speeds of these cycles were found to have substantial effect on distance-specific 
emissions of some species and FC from the thirteen buses. Distance-specific oxides of 
nitrogen (NOx) and FC demonstrated a good correlation with average speed. The highest 
NOx emissions and FC were observed on the slowest speed cycle, the New York Bus 
Cycle. The highest speed cycle, the Commuter Cycle, exhibited the lowest NOx and had 
the lowest FC. Hydrocarbon (HC) emissions from diesel and hybrid-electric buses and 
carbon monoxide (CO) and particulate matter (PM) from all these buses were too low to 
permit reliable determination of a trend. It was realized that more cycles with average 
speed greater than 25 mph were needed to better predict this correlation. Therefore, some 
artificial cycles were created with average speed greater than 25 mph. These new cycles 
also demonstrated strong correlation between NOx emissions and FC from these buses 




Passenger weight effect on emissions and FC was examined using the road-load equation 
and a simple model for drivetrain efficiency and auxiliary loads. Analysis showed that FC 
was affected by the power demanded of the engine, which was also governed by the 
operating weight of the bus. A prediction model was developed to project the ratio of FC 
of an empty passenger bus and to FC of a full passenger bus. This predictive model was 
then compared with emissions and FC data collected on three drive cycles from 40-foot 
diesel and natural gas buses at empty passenger weight, half passenger weight, and full 
passenger weight. The experimental data showed that a 28% increase in weight yielded 
about 12% increase in FC but no significant increase in NOx emissions from natural gas 
buses, while for the diesel bus a 32% increase in weight yielded about a 19% increase in 
FC and about a 14% increase in NOx emissions, on average. However, changes in NOx 
emissions for corresponding small change in passenger weight did not follow any clear 
trend. CO, HC, and PM from these buses also did not follow any trend with passenger 
weight. 
Weight effect was followed by analyzing the effect of road grade and terrain on FC of a 
transit bus. Two inputs, the type of terrain and the percentage of grade, needed to be 
determined in order to compute the increase in FC for grade. While it was comparatively 
simple to determine the terrain type, it was complex to determine the road grade for a bus 
route. This problem was compounded by the fact that all bus routes started and ended at 
the same point so that no grade could be ascertained. This model addressed this issue by 
assigning a sinusoidal road grade with a specified maximum positive or negative grade. It 
was observed from the road-load equation that grade effect depended only on the ratio of 
power demanded with grade to power demanded without grade provided the vehicle 
operated at a fixed weight and had uniform auxiliary power during its operation. This 
analysis was then applied to a number of drive cycles to determine the effect of road 
grade on FC for varying grades on rolling and mountainous terrain. The analysis showed 
that the effect of road grade on FC was also speed dependant.  
These analyses were combined to construct a predictive model for FC for a 40-foot diesel 
bus for a particular route, where the average speed was determined by an empirical 
relationship involving cycle duration, maximum speed, and number of stops per unit 
distance. The average speed was then used to calculate FC from the relationship 
developed in speed analysis, followed by determination of the weight correction factor 
for full as well as no passenger weight buses. Finally, a grade correction factor was 
applied to complete the FC model. The predictive FC model was expected to provide an 
insight into the planning and selection of bus technologies for route choice. It was noted 
that this model was developed for 40-foot diesel buses. Therefore, development of FC 
models for 40-foot CNG and hybrid-electric buses and 60-foot articulated buses of all 
technologies were recommended for cost-effective procurement of bus technologies and 
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INTRODUCTION 
 
According to the United States (U.S.) Census Bureau [1] the world population is 
expected reach the nine billion mark by 2043 with nearly all of these growth concentrated 
in urban areas [2]. Molina et al. [2] have projected that about 60% of the world 
population would live in urban areas by 2030. In the U.S. there will be about twenty 
million additional urban residents by 2050 [3]. High concentration people coupled with 
their high income, and concentration of wealth in urban areas generate high economic 
growth in urban areas [2]. This economic growth necessitates sustainable transportation 
system in urban areas that encourages the use of energy-efficient but cost-effective 
vehicle technologies and reduction of vehicle miles traveled (VMT). Sustainable 
transportation also encompasses the integration of land use transportation planning, the 
use of less polluting public transit systems, integration of transportation modes, and 
improvement in environmental quality [4-5]. 
 
Public transportation in the form of buses and light rail service provides efficient 
transportation to urban population. Bus transport is the most desirable and sustainable 
system from societal perspective because a well designed bus system can provide high 
level of mobility to large population with least cost [6]. The buses are also the dominant 
form of public transportation in cities and urban areas. They carried more than half of 
public transport riders and accounted for about 40% of the transit passenger miles in the 
U.S. in 2007 [7].  
 
Most buses in the U.S. are operated by public agencies. The primary purpose of these 
operators is to present an efficient mobility at low cost. Transit operators seek to reduce 
the fuel consumption (FC) of their buses in order to minimize operating costs and 
maximize revenue. Transit agencies also need to make a delicate balance with some 
generic concerns including the choice of appropriate bus technology, selection bus size 
for route optimization, diversification of energy, and improving emissions of criteria 
pollutants. Consider a transit agency faced with a procurement choice. It may need to 
operate its buses in a variety of duty cycles including stop-n-go traffic, medium and high 
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speed cycles, and rural road network. These duty cycles may have occasional or 
continuous road grade with varying terrains and may generate variable ridership. The 
choice of buses is likely to vary by route. For example, hybrid-electric technology is well 
suited to city traffic with repeated stop-n-go behavior. Also, a 60-foot articulated bus can 
be employed in routes with high ridership turnout. Transit agencies, therefore, need to 
consider carefully the procurement of new buses and their application. Emissions and FC 
models for each bus technology for different applications can assist transit operators in 
selecting appropriate bus technology for efficient route management. For the optional 
selection of the buses for procurement, an overarching model which can be used to 
execute and compare purchase scenarios is desirable. This overarching model would 
necessarily include sub-models addressing performance of each type of commercially 
available bus technology.   
 
This dissertation develops a FC sub-model for the most common technology, diesel 
transit bus with conventional drive. Average speed, passenger loading, and road grade are 
primary inputs for this model. This model is intended for transit managers and operators 
that can be used in their procurement decision and route scheduling. It can be utilized for 
the optimization of bus routes and help operate a cost-effective fleet. 
 
WVU is engaged in developing a comprehensive transit bus procurement tool which will 
allow users to predict FC and emissions for transit bus fleet through a cooperative 
agreement with the Federal Transit Administration (FTA). The FC sub-model, proposed 
in this dissertation, will lead to the development of a comprehensive procurement tool 
when combined with similar models addressing other available bus technologies. That 
comprehensive model will be an online tool named ‘The Integrated Bus Information 
System (IBIS)’ [8]. It will help fleet managers in purchasing appropriate new technology 
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BACKGROUND 
 
TRANSIT SCENARIO IN USA AND EUROPE 
 
Diesel buses dominate the transit fleets across the United States. Transit fleets with 
alternative fueled vehicles (AFV) including compressed natural gas (CNG), liquefied 
natural gas (LNG), and hybrid-electric drive systems have made significant penetration in 
recent years, although biodiesel penetration in the transit sector is still very low. The 
2007 National Transit Database (NTD) published by the FTA in October 2008 showed 
that about 22% of transit agencies used AFV in their fleet in 2007 compared to 6% in 
1998 [9]. A 2005-2006 survey by the American Public Transportation Association 
(APTA) revealed that approximately 81% of transit buses are powered by conventional 
and clean diesel engines while CNG was the second-most used power source, driving 
approximately 7.5% of the transit buses and LNG was employed to power approximately 
1.5% of transit buses [10] in the United States. The survey also revealed that demand for 
hybrid-electric buses (HEB) had increased significantly in recent years. Transit data 
released in 2009 by the Energy Information Administration (EIA) [11] showed that about 
970 CNG buses were introduced in 2007, while in 2008 it increased by about 3.5% to 
1004 buses. During the same period, diesel hybrid-electric buses increased by about 30%, 
from 686 in 2007 to 891 in 2008.  In Europe, over 90% of the urban transit fleet was 
diesel powered while the remaining 10% was shared by CNG, LNG, biodiesel, and 
electric vehicles [12]. There, the hybrid-electric buses represented a very small share 
(about 0.25%) of the total bus fleet although they were making increased penetration.  
 
REGULATED AND NON-REGULATED EMISSIONS FROM TRANSIT BUSES 
 
Diesel vehicles including transit buses are a known source of carbon monoxide (CO), 
carbon dioxide (CO2), hydrocarbons (HC), oxides of nitrogen (NOx), particulate matter 
(PM), and other toxic gases and pollutants. NOx, HC, and PM are precursors to ozone 
(O3) and PM contributes to urban and regional smog [13]. CO and PM have been linked 
to toxic effects and PM is a possible carcinogen.  
 
 4  
 
Three types of natural gas vehicles (NGV) are generally available. The first type, called 
Bi-Fuel NGV, operate either on natural gas or gasoline. These types of vehicles are 
popularly adopted in third world countries and also represented some of the early light-
duty CNG fleet in USA. The second type is called dual-fuel natural gas (DFNG), where 
the vehicle can be fueled with diesel alone or combination of diesel and natural gas. The 
third type includes dedicated NGV, which are spark-ignited natural gas (SING) vehicles 
employing either stoichiometric or lean-burn air-fuel (A/F) management systems. CNG 
buses produce far less PM than diesel buses on a mass basis without exhaust filtration, 
and have historically produced lower NOx than diesel buses. They have also produced 
comparatively lower CO emissions but suffered from a fuel economy penalty when the 
calculation is based on energy equivalence of diesel and natural gas. CNG vehicles have 
also produced more HC mass than their diesel counterparts. However, most of the HC 
mass consists of methane, which is a greenhouse gas (GHG), but does not contribute to 
smog formation. Emissions from CNG vehicles across North America and Europe have 
been well documented in numerous published studies [14-35].  
 
A hybrid-electric vehicle combines the internal combustion engine of a conventional 
vehicle with the high-voltage battery and electric motor of an electric vehicle [36]. It 
includes a power unit, such as a diesel, gasoline or CNG engine, one or more electrical 
machines (motors or generators), and an energy storage system (ESS) that can be charged 
by the engine or by regenerative braking [33]. As a result, hybrid-electric buses offer FC 
reduction and produce lower PM and NOx emissions than their diesel counterparts. 
Emissions and FC benefits from diesel hybrid-electric vehicles have also been well 
documented in published studies [37-44]. Results of these studies showed that average 
NOx emissions from hybrid-electric buses were about 25-30% lower than those from 
conventional diesel buses while average fuel economy of the hybrid-electric buses was 
about 20-25% higher than that from diesel buses. However, the percentage of FC benefit 
from the hybrid buses is route dependant. It has been found that the percentage of FC 
benefits from hybrid-electric buses is more than their diesel counterpart at low speed 
operation with more stops per unit distance.  
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BRIDGING THE GAP  
 
Emissions from heavy-duty on-road diesel engines in the U.S. are regulated by the 
Environmental Protection Agency (EPA) through a set of standards that limits the engine 
out emissions expressed in grams per brake horsepower-hour (g/bhp-hr) [45]. The engine 
for this purpose is exercised through an engine speed-torque schedule while emissions are 
collected and analyzed, and expressed per unit of brake horse power (bhp). However, this 
method has inherent limitations. The engine is tested without its chassis and without 
considering freight or passenger weights, accessories, or real-world driving 
characteristics [46]. In order to test the complete vehicle in real-world conditions a 
chassis dynamometer is used where a test can be performed conveniently and repeatedly. 
In chassis dynamometer testing a complete vehicle is exercised through a speed-time 
schedule and emissions are collected and analyzed. Collected emissions are expressed per 
unit distance in grams per mile (g/mile) or per unit time in grams per hour (g/hr). 
However, chassis dynamometer data are not accepted for certification purpose for transit 
buses. 
 
Also, speed-time schedules of drive cycles used in chassis dynamometer testing may not 
truly represent the real-world driving characteristics. Chassis results may not incorporate 
the effect of road grade and varying passenger weight on fuel consumption (FC) and 
emissions. Therefore, there is a need for a correction factor on the chassis data so that 
they accommodate the effect of varying passenger weight and road grade terrain.  
 
 6  
OBJECTIVES OF THE DISSERTATION 
 
The primary objective of this dissertation was to model FC for diesel-powered transit 
buses to assist in bus selection for specific routes. Other major objectives associated with 
this dissertation are listed as follows. 
a. To examine the effect of speed, weight, and road grade on FC and emissions from 
transit buses tested on chassis dynamometers. 
b. To analyze available chassis duty cycles with a view to determining the most 
important parameters affecting the development of a duty cycle and vis-à-vis FC 
and emissions. 
c. To develop a methodology in order to predict average speed of transit bus for 
particular route from the speed limit of that route, its duration, and the number of 
bus stops on that route. 
d. To create a set of sub-cycles with average speed greater than 20 miles per hour 
(mph) that facilitates better prediction of emissions and FC with average speed. 
e. To develop a prediction model in order to project the change in FC for a 
corresponding change in passenger weight. 
f. To observe the effect of varying road grade and terrain on FC and develop a 
model to predict change in FC due to road grade. 
 
 
RESEARCH APPROACH  
 
The research structure for the above mentioned objectives was developed as follows: 
 
Phase 1. Speed effect on emissions and FC 
a. Analysis of the road-load equation. 
b. Analysis of the available chassis duty cycles. 
c. Examination of the effect of average speed on emissions and FC. 
d. Creation of sub-cycles and further examination of emissions and FC. 
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Phase 2. Effect of passenger weight on FC and emissions 
a. Development of a prediction model to account for the effect of passenger weight 
on emissions and FC. 
b. Validation of this model with emissions data collected from 40-foot transit buses 
and heavy-duty diesel trucks.   
 
Phase 3. Analysis of road grade and terrain and their effects on FC  
a. Defining road grade and terrain and analyze their effect on FC. 
b. Development of a prediction model to show the effect of road grade on FC for 
diesel buses for varying road grade and terrain. 
 
These phases were preceded by a comprehensive literature search on the effects of 
vehicle speed, weight and road grade on emissions and FC.  
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LITERATURE REVIEW 
 
Effects of average speed on distance-specific emissions from light-duty and heavy-duty 
diesel vehicles have been well documented [47-55]. However, limited research has been 
published to show the effect of driving cycle speed on cycle-averaged emissions and FC 
from heavy-duty NGV. In recent years research has addressed development of emissions 
models for heavy-duty vehicles. Ramamurthy et al. [49] explored the relationship 
between a heavy-duty vehicle’s tailpipe emissions and its axle power. For diesel vehicles 
both CO2 and NOx have shown a reliable relationship with axle power, but CO 
emissions, being cycle specific, could not be modeled reliably. Ramamurthy et al. 
acknowledged that it was possible to estimate emissions for one driving cycle using a 
model developed from other driving cycles, but some cycle-specific events could take 
place due to the unique speed-acceleration characteristics of that cycle, which was 
explained in detail by Taylor et al. [56]. Some efforts were also made to understand the 
effect of drive cycles on emissions and FC. Clark et al. [50] examined a speed correction 
factor (SCF), a power based model, and an artificial neural network (ANN) model to 
predict emissions from diesel-powered heavy-duty trucks. The SCF, power based model, 
and ANN approach yielded about 27%, 19%, and 10% errors, respectively. Prior research 
[51-55] has also established that the nature of a chassis dynamometer test cycle affected 
the emissions level. Yanowitz et al. [51] compared emissions from three cycles and found 
distance-specific emissions were higher on slow speed cycles and lower on high speed 
cycles. However, when emissions were converted to fuel specific units of grams per 
gallon (g/gal), effects of driving cycles on NOx and PM emissions were eliminated. Clark 
et al. [52] concluded that the test cycle had a profound effect on PM emissions and a 
significant effect on NOx emissions and singled out drive cycles as one of the parameters 
that most heavily affected emissions from heavy-duty diesel vehicles. Brodrick et al. [54] 
observed that NOx, CO, and HC emissions were affected by operating characteristics 
including speed. They also developed a NOx prediction model based on weight and 
operating mode, which yielded closer agreement with actual values. Nine et al. [55] 
evaluated emissions from two heavy-duty diesel trucks using a number of cycles and 
observed that NOx from a truck varied by nearly a factor of seven, being the highest for a 
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low speed, high idle content cycle, and the lowest for a highway cycle. Both the EPA 
Motor Vehicle Emission Simulator (MOVES) [57] emissions model and the California 
Air Resources Board (CARB) EMission FACtors (EMFAC) model [58] acknowledge the 
effects of average vehicle speed on emissions and FC. 
 
Research using chassis dynamometers and on-board portable emissions measurement 
systems (PEMS) has begun to provide insight into the effect of driving cycle, vocation or 
activity on heavy-duty vehicles, but the effect of vehicle weight on emissions is still not 
well recorded. Clark et al. [18] examined the effect of bus weight on emissions and FC 
from a 1996 New Flyer, Detroit Diesel Corporation (DDC) Series 50, 275 horsepower 
(hp) diesel bus in Flint, Michigan. That bus was tested on the Central Business District 
(CBD) Cycle at its curb weight of 27,758 pounds (lbs), at customary test weight (32,843 
lbs), and at the gross vehicle weight (GVW) of 38,072 lbs. FC from this bus was found to 
increase with increasing test weights. Distance-specific NOx emissions in grams per mile 
(g/mile) were less affected by test weight while HC did not vary at all under these load 
conditions. CO and PM increased with increasing test weights. Gajendran et al. [59] 
provided an analysis for the effect of weight on FC and emissions and observed that NOx 
emissions from a 1989 DDC6V-92TA transit bus tested on the CBD Cycle and the New 
York Composite Cycle [60] and three tractor trucks (1994 Cummins M11-330E, 1995 
Mack E7-350, and 1998 Cummins N14 Celect), tested on the City Suburban Heavy 
Vehicle Speed Distance Route (CSHVR) [61] had a nearly linear correlation with vehicle 
weight. Brodrick et al. [54] also observed the increasing trend of NOx with increasing 
weight from a 1999 Class 8 diesel truck. Strimer et al. [62], using on-board measurement 
techniques, examined the relationship between NOx and CO2 emissions and test weight, 
in the not-to-exceed (NTE) zone [63]. NOx and CO2 were evaluated driving a 1996 
Peterbilt tractor truck powered by a Caterpillar 3406E engine on four different routes. 
Data showed that NOx increased by almost 50% for doubling of weight on two routes 
with high speed cruise. On another route with substantial hill climb, NOx increased 
almost in direct proportion to weight. These data were important because the use of NTE 
excluded low power operation and therefore, reflected the highest influence of weight on 
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NOx and CO2 emissions. Clark et al. [64] presented limited data on weight effects for 
emissions from CNG buses.  
 
Unlike vehicle speed and weight effect, road grade effect on FC and emissions from 
heavy-duty trucks and transit buses has not received much attention. Limited research has 
been accomplished to determine the road grade for a particular route and show 
theoretically the effect of road grade on FC. Pelkmans et al. [65] compared emissions and 
FC from three bus technologies at different road grade while Conley and Clark [66] 
considered the contribution of road grade in evaluating power and energy requirements to 
find the optimal method of sizing hybrid-electric vehicle components. Kern et al. [67] 
tested a 1998 model year (MY) International Tractor Truck fitted with a Cummins N-14 
435 hp engine at 46,000 lbs test weight. Results showed that moderate road grade (less 
than 5%) had little bearing while steep grade (more than 5%) had considerable effect on 
NOx emissions. Thompson et al. [68] made an effort to include the effect of uphill 
driving on a chassis dynamometer and observed that CO, HC, NOx, and FC increased at 
uphill driving but PM did not change much. However, their research acknowledged the 
uneasiness of drivers following an inclined trace during dynamometer testing. Samuel et 
al. [69] observed more than 100% increase in CO, HC, and NOx, and about 45% increase 
in CO2 on a 1.4 liter, 100 hp gasoline vehicle with simulated road grade of +3%.  
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THE ROAD-LOAD EQUATION 
 
Total power needed at the wheels was expressed by the road-load equation [70-74] 
applied to a transit bus as: 
 
Pt = mv(dv/dt) + 0.5 CDρAv3 + µmgv + mgvZ    (Equation 1) 
 
where, m was mass of the bus (kg), v was speed of the bus (m/sec), A was frontal area of 
the bus (m2), g was acceleration due to gravity (9.81 m/sec2), CD was aerodynamic drag 
coefficient, µ was tire rolling resistance coefficient, ρ was air density, and Z was road 
gradient (%). Pt was the total power needed at the wheels and was expressed in kilowatts 
(kW). In this equation the first term was referred to as the Inertia Load, the second term 
as the Wind Drag, the third term as the Rolling Resistance, and the last term was the 
Grade Load. Summation of these loads resulted in the “total load or total power.” This 
was also termed as ‘tractive force’ needed to propel the vehicle at any prescribed velocity 
and acceleration [75]. For the case of chassis dynamometer testing no road grade was 
incorporated in the vehicle load.  
 
The wind drag in Equation 1 was defined as the force required to overcome the resistance 
to vehicle motion. It could also be expressed as 0.5CDρAv3 (1+Cw) where, Cw was wind 
speed coefficient which ranged from 0 to 0.2 [76]. The value of drag coefficient, CD for a 
standard bus used in the literature varied from 0.40 to 0.79 [77-79]. For a transit bus the 
drag force was found to be smaller compared to its inertia load, in the order of 3% on the 
Paris Cycle [14] to 20% on the Commuter Cycle of SAE J1376 [80].  
 
The rolling resistance was defined as the force needed to roll a vehicle over a surface and 
expressed as µmgv. The rolling resistance coefficient, µ was influenced by tire size and 
pressure, axle geometry, and the amount of load applied to tires. The rolling resistance 
force was found to dominate the wind drag and inertia forces at low and steady operation 
while at high speed operation the wind drag dominated. The rolling resistance contributed 
to about 20% of the total load on the Orange County Transit Authority Cycle (OCTA) 
 
 12  
[81]. A reduction in rolling resistance contributed to decrease in FC. Previous research 
demonstrated that a 20% reduction in rolling resistance could yield as much as 2.5% 
reduction in FC [82]. The rolling resistance coefficient for a transit bus was found to vary 
from 0.005 when vehicle speed approached zero mile per hour (mph) speed to 0.011 
when vehicle speed approached 56 mph [77].  
 
The road gradient, Z was referred to as the slope between two adjacent points of 
intersection and it was expressed as % [83]. The numerical value of Z was calculated as 
the vertical rise (+) or fall (-) in meters (m) for every 100 m [84, 85]. The gradient 
resistance in Equation 1 was defined as the force that was needed to overcome the force 
that the vehicle’s weight produced where vehicle weight was always directed in the 
downward direction [76].  
 
In this dissertation the variables in the road-load equation were considered as follows: the 
drag coefficient was assumed to be 0.79, given in the Code of Federal Regulations (CFR) 
[79], rolling resistance coefficient was assumed to be 0.008 [35], air density was taken as 
1.2 kg/m3, and the bus frontal area, A was taken as 8.3 m2 for a typical 40-foot transit 
bus. For the rolling resistance coefficient, a value of 0.008 was considered because a 
recent study in Mexico City included coast-down data that suggested 0.008 was a suitable 
value [86].  
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ANALYSIS OF THE CHASSIS DUTY CYCLE    
 
Analysis of the characteristics of available drive cycles was expected to help in 
understanding the important properties of these cycles that affected emissions and FC and 
in examining inter-relationships among these properties. The drive cycles were identified 
with their speed-time characteristics. It was observed that average speed was one of the 
most important criteria that might be useful in defining any drive cycle.   
 
The researcher has analyzed more than twenty chassis cycles widely used across the 
world for chassis dynamometer emissions testing. These cycles included the New York 
Bus Cycle (NYBus) [50], the ADEME-RATP Paris Cycle (Paris) [14], the Manhattan 
Cycle [81], the Washington Metropolitan Area Transit Authority (WMATA) Cycle [87], 
the Orange County Transit Authority Cycle (OCTA) [81], the Braunschweig Cycle [88], 
the New York Composite Cycle (NYComp) [89], the Central Business District Cycle 
(CBD) [80], the City Suburban Heavy Vehicle Cycle (CSHVC) [61], the first segment of 
the European Transient Cycle (ETC-Urban) [88], the Beeline Cycle [89], Transient and 
Cruise modes of the Heavy Heavy-Duty Truck Driving Schedule (HHDDTS) [90], the 
Urban Dynamometer Driving Schedule (UDDS), also known as “Test D” [79], the King 
County Metro Cycle (KCM) [44], the Arterial (ART) and Commuter (COMM) phases of 
SAE J1376 [80], the low speed (MX1), the medium speed (MX2) , and the bus rapid 
transit designated (MX3) cycles of the Mexico City Schedule (MCS) [86], the Dutch 
Urban Bus Driving Cycle (DUBDC) [91], the Japan transient driving cycle for emissions 
testing from heavy-duty diesel and gasoline vehicles, the JE05 Cycle [88], the West 
Virginia University 5 Peak Cycle [88], and an Idle mode [92]. Speed-time traces of the 
Paris, the OCTA, the Braunschweig, and the KCM cycles are presented in Figure 1, 
Figure 2, Figure 3, and Figure 4, respectively. The KCM Cycle also included the road 
grade in percentage. Speed-time traces of the rest of the cycles are presented in an 
appendix to this dissertation.  
 


































































































Figure 4: The King County (KCM) Cycle with Road Grade 
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Each driving cycle mentioned above had its own unique speed-time characteristics. Each 
of these cycles also had unique idle events and a unique number of stops per unit 
distance. Differences in average cycle speed could be representative of the differences in 
acceleration, deceleration, and cruise events. Average speed was also affected by the 
percentage of idle and stops per unit distance. When a vehicle was in idle for about ten 
consecutive seconds, it was considered a stop in this analysis acknowledging that any 
stop even with smaller time duration would have also affected emissions and FC. 
However, this analysis did not intend to examine stop effect on emissions but pointing 
out that it was an important parameter. These events affected power demand from the 
vehicle and in turn affected emissions and FC from tested vehicles.  
 
It was observed that these cycles had average speed ranging from 3.69 mph on the 
NYBus Cycle to 43.6 mph on the Commuter Phase of SAE J1376, whereas the U.S. 
average transit speed was 13.7 mph in 2002 [93]. The majority of the cycles analyzed in 
this study had average speed below 15 mph, which supported the U.S. national average 
transit bus speed. 
 
Analyses of drive cycles demonstrated that the cycle properties such as aerodynamic 
speed, characteristic acceleration, kinetic intensity, and percentage of idle were closely 
related with cycle average speed. This is also corroborated by O’Keefe et al. at the 
National Renewable Energy Laboratory (NREL) [94]. Generally, a cycle with low 
average speed included stop-and-go behavior, with multiple accelerations and 
decelerations, whereas a high speed cycle tended to be steadier. In this way, average 
speed was a moniker of other aspects of the vehicle behavior, and average speed effects 
were very different than would be seen if a set of steady-state speeds were used to acquire 
data. Figure 5 shows the relationship between average speed of seventeen cycles with 
their percentages of idle, stops per mile, and standard deviation of speed, while Figure 6 
demonstrates the relationship of aerodynamic speed, characteristic acceleration, and 
kinetic intensity with average speed of the cycles.  
The NYBus Cycle had the lowest average speed while the Commuter Cycle had the 
highest average speed. The NYBus Cycle also covered less distance than all cycles used 
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in this analysis and was identified to have the maximum percentage of idle and stops per 
mile. The ETC-Urban Cycle had the minimum percentage of idle and fewer stops per 
mile in comparison to other cycles with similar average speed. It also had fewer 
acceleration and deceleration events than other cycles. These characteristics of ETC-
Urban have weakened the relationship between average cycle speed with percentage of 
idle and stops per mile. The R2 values for the relationship of average cycle speed with 
percentage of idle and stops per mile improved further to 0.81 and 0.88, respectively, if 
the ETC-Urban Cycle was removed from these analyses. Exclusion of the ETC-Urban 
also improved the R2 value for the relationship between standard deviation of average 
speed and average speed to 0.83.  
The speed-idle relationships shown in Figure 5 and Figure 6 were compared with the 
three Mexico City cycles (MX1, MX2, and MX3). These three cycles when combined 
together were known as Mexico City Schedules (MCS) presented in Figure 7, developed 
from the real operations in Mexico City, Mexico [35]. The MX1, MX2, and MX3 cycles 
with average speed of 7.15 mph, 12.8 mph, and 13.5 mph, respectively had 25%, 29%, 
and 42.5% of idle respectively, which showed an upward trend in idle percentage with 
average speed, in contrast to the relationship developed from the cycles used in this 
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Figure 5: Variation of percentage idle, stops per mile, and standard deviation of 
speed with average speed of cycles 
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Figure 6: Correlation of aerodynamic speed, characteristic acceleration, and kinetic 





















Figure 7: The Mexico City Schedule (MCS), the MX1, MX2, and MX3 cycles 
 
 
EMISSIONS DATA CONSIDERED FOR THE DISSERTATION 
 
Emissions and FC data collected during the WMATA Bus Emissions Characterization 
program in 2006 were considered for this research. The U.S. Department of Energy 
(DOE) and the U.S. Department of Transportation (DOT) sponsored the Center for 
Alternative Fuels, Engines, and Emissions (CAFEE) of West Virginia University (WVU) 
to conduct the program in cooperation with WMATA. A total of thirteen 40-foot transit 
buses representing two retrofitted diesel, two clean diesel with 2006 MY Cummins ISM 
engines, three CNG buses with John Deere lean-burn CNG engines, three CNG buses 
with Cummins lean-burn CNG engines, and three hybrid-electric buses with Cummins 
ISL engines combined with Allison EP40 transmissions were tested during this program 
at WMATA test site at Landover, Maryland. Details of the test vehicles are presented in 
Table 1. The two 1992 MY Orion diesel buses were retrofitted with 2003 MY DDC 
series 50 engines and termed as retrofitted buses. Emissions from these buses were 
characterized with the WVU Transportable Heavy-Duty Vehicle Emissions Testing 
Laboratory [95-97]. One bus each from these technologies was tested on seventeen test 
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cycles where repeat runs were performed for some representative cycles. However, the 
first two buses representing hybrid-electric, and John Deere and Cummins natural gas 
technologies, and the first bus representing conventional diesel and clean diesel 
technologies were tested only on six test cycles each. Emission tests were not repeated 
for these buses. For every test, CO, CO2, NOx, HC, and PM were determined. Methane 
(CH4) and non-methane hydrocarbons (NMHC) were also evaluated from the CNG 
buses. Summary of emissions and FC data from these buses are presented in as 
Appendices to this dissertation. 
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Table 1: Test buses 
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DESCRIPTION OF TEST LABORATORY 
 
Bus emissions were characterized with the WVU Transportable Heavy-Duty Vehicle 
Emissions Testing Laboratory (Translab). The Translab was moved to the WMATA test 
site at Landover, Maryland. The Translab consisted of a chassis dynamometer, an 
emissions analyzer trailer, and a mobile workshop to support them. It was designed to 
conduct emissions characterization in accordance with the provisions prescribed by the 
United States Code of Federal Regulations (CFR) Title 40, Subpart B & N of Part 86 
[79]. Detailed description of the Translab can be found in technical papers by Clark et al. 
[95], Lyons et al. [96], and Gautam et al. [97]. 
 
DESCRIPTION OF THE CHASSIS DYNAMOMETER 
 
The bus was positioned on the chassis dynamometer while being characterized as shown 
in Figure 8. Its drive wheels were placed on two sets of rollers, which were 12.6 inches in 
diameter. Axle power from the vehicle was taken directly to the dynamometer units by 
replacing the rear outer wheels with a hub adapter on each side of the vehicle connected 
to the dynamometer through drive shafts, as shown in Figure 9. Each dynamometer unit 
consisted of a flywheel assembly, an eddy current power absorber, and a Lebow torque 
transducer. Flywheel sets consisted of a series of discs that allowed simulation of inertial 
load. During the testing of the bus, torque cells and speed transducers measured the 
vehicle load while the power absorbers were used to mimic tire losses and wind drag. A 
human driver controlled the vehicle following the speed-time trace presented on a 
monitor and placed inside the driver cabin. In this research, the vehicle losses were set 
using a coast down on the dynamometer. The coast down curve was created using the 
road load equation.  
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EMISSIONS MEASUREMENT 
 
Exhaust from the vehicle’s tailpipe was ducted into a full-scale dilution tunnel. The 
tunnel was 18 inches in diameter and 20 feet in length. HEPA filtered ambient air was 
mixed with the exhaust in the primary dilution tunnel in order to ensure that PM sample 
filter temperature was below 125°F for PM sampling. Heated lines were used to convey 
the samples from the dilution tunnel to research grade analyzers. All data were corrected 
for background levels in the dilution air. Both CO and CO2 were measured using non-
dispersive infrared analyzers (NDIR). CO data may be processed using either integration 
of continuous data or concentrations from a Tedler bag of dilute exhaust gas, collected 
over the duration of the cycle. Bag CO data have been used. These samples were passed 
through a refrigerator/dryer before they reached the analyzers. NOx was measured using 
a wet chemiluminescent analyzer while HC was measured using heated flame ionization 
detection (HFID) method. The HC probe and line were maintained at 375°F while all 
other lines were maintained at 250°F to prevent condensation of moisture in the system. 
PM samples were taken through three sets of parallel filters located after the secondary 
dilution tunnel, which was attached to the primary dilution tunnel. The PM samples were 
collected gravimetrically in one 70 mm and two 47 mm fluorocarbon coated glass-fiber 
filter holders, each holding two filters in series. PM weights from the 70 mm filers are 
used in this dissertation. These filters were conditioned before and after each test and and 
were pre and post-test weighed in a class 1000 clean thermal stabilization and weighing 
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The road-load equation showed that instantaneous power demanded by the vehicle was 
influenced by four main factors: vehicle speed, acceleration/deceleration, vehicle weight, 
and road grade. For a single vehicle with constant mass and driven on level terrain, it was 
only the vehicle speed and acceleration/deceleration that influenced the instantaneous 
power demand, and hence, instantaneous emissions. The speed-time traces of the drive 
cycles were applied to the road load equation to yield instantaneous values for wind drag, 
tire rolling resistance, inertia load and total load. Figure 10 and Figure 11 show these four 
loads, in units of power (kW) over the first 200 seconds (sec) duration of the OCTA 
Cycle and the Paris Cycle, respectively. Here, vehicle weight was taken as 14,728 
kilograms (kg) which was the curb weight for a Orion bus equipped with a Cummins 
CNG engine. These loads were drive cycle dependant since instantaneous speed differs 
from cycle to cycle, as shown in for the Paris Cycle in Figure 11 and for the Commuter 
Cycle in Figure 12. Figure 12 explicitly shows the importance of wind drag on the high 
speed cycle and the effect of cruise mode on the inertia and total load. During severe 
decelerations the total load becomes negative, corresponding to engine braking and the 
application of the service brakes or a retarder. In the case of hybrid electric buses some of 
this braking effort may also be regenerative.  
In this analysis efforts were made to understand the relative effect of drag coefficient and 
rolling resistance coefficient on total load over a cycle. For example, reducing rolling 
resistance coefficient from 0.008 to 0.005 yielded about 40% reduction in rolling 
resistance load on the OCTA Cycle, which corresponded to about 10% reduction in total 
load on that cycle while reducing drag coefficient from 0.79 to 0.40 yielded about 50% 
reduction in average drag force which corresponded to about 5% reduction in total load 
on the OCTA Cycle. However, on the Commuter Cycle, reducing drag and rolling 
resistance coefficient to 0.40 and 0.005 yielded about 30% and 10% reduction in total 
load, respectively, which signified the importance of aerodynamic design of transit buses 
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for higher speed applications. However, most transit buses operate at lower speeds where 
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Figure 10: Instantaneous wind drag, rolling resistance, inertia, and total load during 
the first 200 seconds of the OCTA Cycle 
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Figure 11: Instantaneous wind drag, rolling resistance, inertia, and total load during 
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EXPERIMENTAL DATA  
 
Speed Effect on Emissions 
 
The effect of average speed on emissions was examined using the WMATA data where 
thirteen buses representing conventional and clean diesel, CNG, and hybrid-electric 
technologies were tested. Distance-specific emissions of CO, HC, NOx, and PM from 
these buses are presented in Figure 13, Figure 14, Figure 15, and Figure 16, respectively. 
CO and HC from these buses were the highest on the NYBus Cycle while they were 
lowest on the Commuter Cycle. CO from hybrid-electric, John Deere CNG, and 
retrofitted diesel buses were very low. No correlations could be observed for CO with 
average speed from these buses. However, CO emissions from Cummins ISM diesel and 
Cummins CNG buses presented a good correlation with average speed. HC, on the other 
hand were high from the CNG buses and presented a good correlation with average speed 
of cycles. But HC emissions from the remaining buses were low and did not present any 
trend. Similarly, PM emissions from all buses were low except from Cummins ISM 
diesel buses, which exhibited about ten times higher PM emissions than the rest of the 
buses on average. PM from the two ISM diesel buses exhibited a good trend with average 
speed. The relationship of PM from Cummins ISM diesel buses with average speed on a 
power fit induced an R2 value of 0.72. However, PM emissions in g/mile from other 
buses were little affected by average speed. For example, the KCM Cycle exhibited the 
highest PM from the retrofitted diesel buses while the WMATA Cycle exhibited the 
lowest PM from them. Since no trend could be established for distance-specific CO, HC, 
and PM emissions from these buses with average speed, the prediction model will not 
consider these pollutants and will focus on FC only. 
Distance-specific NOx from all buses were high on the NYBus Cycle and gradually 
decreased with average speed. The Commuter Cycle, the highest speed cycle in the mix 
exhibited the lowest NOx emissions from these buses. However, this finding was 
supported by insufficient data since only one cycle had average speed more than 25 mph 
(the Commuter cycle, 43.64 mph average speed).  
 













Figure 13: Distance-specific CO emissions from the hybrid-electric, Cummins ISM 














Figure 14: Distance-specific HC emissions from the hybrid-electric, Cummins ISM 
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Figure 15: Distance-specific NOx emissions from the hybrid-electric, Cummins ISM 















Figure 16: Distance-specific PM emissions from the hybrid-electric, Cummins ISM 
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Speed Effect on Fuel Consumption  
 
FC was inferred from the CO, HC, and CO2 emissions using carbon balance [81]. 
Distance-specific FC from these buses, expressed in diesel equivalent gallons per mile, 
was compared with the average speed of cycles and is shown in Figure 17. FC from all 
buses exhibited a good correlation with average speed. These buses had the highest 
consumption on the NYBus Cycle while they consumed the lowest fuel at the Commuter 
Cycle on a distance-specific basis. The relationship of FC with average cycle speed on a 
polynomial fit induced an R2 value more than 0.70 on all buses. However, the 
relationship of FC and cycle average speed improved when observed with a power fit. FC 
showed an upward trend once the average cycle speed exceeded approximately 30 mph, 
but this could be an artifact of the parabolic fit to the data. Lack of sufficient FC data 
























Hybrid-Electric Cummins ISM Diesel Retrofitted Diesel John Deere NGB Cummins NGB
 
Figure 17: Fuel consumption in diesel equivalent gallon per mile (gal/mile) from the 
hybrid-electric, Cummins ISM diesel, Retrofitted diesel, John Deere CNG, and 
Cummins CNG buses 
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This analysis was extended further to show that average speed could be used to project 
the benefit of hybrid-electric technology over diesel and CNG technologies. Hybrid buses 
had better advantages in FC at low speed cycles, which provided them with efficient 
regenerative braking as shown in Figure 18.  This advantage, however, diminished when 
the average speed was high.  Note that hybrid-electric buses exhibited about 40% FC 
benefit at the US average transit bus speed of 13.7 mph over CNG buses and about 20% 























Figure 18: Comparison of FC from hybrid buses with diesel and CNG buses and 
their relationship to average speed 
 
CREATION OF SUB-CYCLES 
 
Some artificial sub-cycles with average speed above 25 mph were created to evaluate the 
speed effect on emissions and FC. Since the majority of the cycles used in this research 
had average speed less than 25 mph as shown in Figure 19, creating some cycles with 
average speed greater than 25 mph would provide constructive conclusion as to the effect 
of average speed and was also expected to provide better trend between emissions and 
FC. The WMATA Program recorded emissions and FC data on seventeen test cycles 
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mentioned in this dissertation. The author was aware that there were a number of chassis 
cycles available in the market. Therefore, instead of creating new cycles the author 
created some sub-cycles from the cycles that were used in the WMATA program. This 

























































































































Figure 19: Average speed of chassis cycles used in WMATA program 
 
Therefore, the King County Metro Cycle (KCM) [44], used in the WMATA program, 
was chosen to develop some sub-cycles which resulted in average speeds more than 30 
mph. Accordingly three cycles; KCM2, KCM3, and KCM4, shown in Figure 20, Figure 
21, and Figure 22, respectively, were developed using the first 950 sec, 770 sec, and the 
first 570 sec, respectively. KCM2, KCM3, and KCM4 covered about 8.3 miles, 7.3 miles, 
and 6.1 miles and had average speeds of 31.51 mph, 34.13 mph, and 38.29 mph, 
respectively. These three cycles also had more than 10% idle duration and about one stop 
per mile in their respective routes. It may be mentioned that Tu et al. created more than 
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three hundred new virtual cycles with some specific criteria including duration range, 
travel distance, and limiting repetition of the same micro trip in the cycle and examined 
their relationship to emissions and FC [99]. However, here the effort was to maintain the 
continuity of the cycle that has been used in WMATA program in order to use the 
continuous emissions data for the designated time. Alternately average speed of these 
cycles could have been increased or decreased by removing or adding idle events but 
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Figure 23 and Figure 24 demonstrates the relationship between average cycle speed of all 
drive cycles including KCM2, KCM3, and KCM4 with their percentages of idle and 
stops per mile, and standard deviations of average speeds, respectively. Inclusion of these 
three cycles improved the R2 values for the relationship of average cycle speed with 
percentage of idle and stops per mile from 0.64 and 0.85 to 0.71 and 0.86, respectively. 
Inclusion of these three cycles also improved the R2 value for the relationship between 
































Figure 23: Variation of percentage idle and stops per mile with average cycle speed 
when KCM2, KCM3, and KCM4 cycles were included (as shown in blank markers) 
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Figure 24: Correlation of standard deviation of speed and square root of the ratio of 
kinetic energy and average speed with cycle average speed when KCM2, KCM3, 
and KCM4 cycles were included (as shown in blank markers) 
 
 
RE-EXAMINATION OF EMISSIONS AND FUEL CONSUMPTION TREND WITH 
AVERAGE SPEED 
 
NOx emissions and FC from the second Cummins ISM diesel bus (Bus # 6150 in Table 
1) were plotted against the average speed of cycles that also included the newly created 
three sub-cycles. Cycle-average distance-specific emissions for these sub-cycles were 
determined from the continuous data collected over the KCM Cycle. FC was inferred by 
carbon balance. NOx emissions and FC from this bus are presented in Figure 25 and 
Figure 26. NOx emissions presented a strong correlation with cycle average speed that 
induced an R2 value of 0.94 while FC generated an R2 value of 0.84.  
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Figure 25: NOx trend with average speed. Note that NOx emissions calculated for 


























Figure 26: FC trend with average speed. Note that FC calculated for the new KCM 
sub-cycles (shown in blank triangle) fit well with the trend  
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SUMMARY ON SPEED EFFECT 
 
Effect of speed on distance-specific emissions and FC was first explained using the road-
load equation. It was observed that vehicle speed and its acceleration and deceleration 
affected emissions and FC from a single bus when it was operating on level terrain and 
constant weight. It was also observed that reducing rolling resistance coefficient resulted 
in uniform reduction in total load for all cycles while reducing drag coefficient resulted in 
significant reduction in total load from high speed cycles.  
This analysis was followed by observing the speed effect on experimental emissions and 
FC data collected from diesel, CNG, and hybrid-electric buses tested on seventeen drive 
cycles. These cycles had average speed ranging from 3.69 mph on the NYBus Cycle to 
43.64 mph on the Commuter Cycle. Distance-specific NOx and FC were highly affected 
by the average cycle speed and demonstrated an inverse trend with increasing speed. 
Distance-specific HC and PM from diesel and CNG buses followed similar trend but 
from hybrid buses they were too low to follow any trend. This finding was supported by 
creating some artificial sub-cycles with average speed more than 30 mph since only one 
cycle (the Commuter Cycle) in this analysis had average speed more than 40 mph. A total 
of three sub-cycles were created from the KCM Cycle used in the WMATA program. 
Emissions and FC for these sub-cycles, interpreted from continuous data collected on the 
KCM Cycle, further demonstrated that average speed of cycles established good 
correlations with FC and emissions, especially NOx. 
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The weight effect was examined using the road-load equation without the road grade. 
AHP = mv(dv/dt) + 0.5 CDρAv3 + µmgv [Equation 2] 
The road-load equation was integrated over the duration of a cycle to project total power 
demanded on the rear axle of the vehicle over the cycle. This integration did not include 
negative values (deceleration) that implied service braking, because the engine could not 
use this energy constructively. Arguing the crossover points where the axle torque and 
flywheel torque change sign was complex, it was reasonable to integrate only positive 
values in the equation, even though some more arguments could be made for the 
threshold below which one should not integrate. The integral values for the OCTA Cycle, 
the Paris Cycle, and the Braunschweig Cycle, for a 40-ft transit bus at three test weights: 
empty or no passenger weight, half passenger weight, and full passenger weight, are 
shown in Table 2, Table 3, and Table 4, respectively. The empty weight was calculated 
by combining the driver’s weight and the vehicle curb weight, while the full weight was 
determined by combining the vehicle’s curb weight with 100% passenger weight and the 
driver’s weight. Similarly, half weight was determined by combining the vehicle’s curb 
weight with the driver’s weight plus 50% of the full load passenger’s weight. 
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Table 2: Wind drag, rolling resistance, inertia, and total load at empty weight, half 
weight, and full weight over the OCTA Cycle 
 











Average Vehicle  
Speed (mph) 
12.1 
















Table 3: Wind drag, rolling resistance, inertia, and total load at empty weight, half 
weight, and full weight over the Paris Cycle 
 







Average Vehicle  
Speed (mph) 
6.74 
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Table 4: Wind drag, rolling resistance, inertia, and total load at empty weight, half 
weight, and full weight over the Braunschweig Cycle 
 







Average Vehicle  
Speed (mph) 
14.1 























For the same vehicle on a dynamometer, over a drive cycle, the wind drag remained 
constant over these test weights. The differences in rolling resistance, inertia load, and the 
total load due to the three test weights of the bus on the first 100 seconds duration of the 
Braunschweig Cycle are presented in Figure 27, Figure 28, and Figure 29, respectively. 
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Figure 27: Comparison of rolling resistances for the three test weights on the first 




















Empty Weight Half Weight Full Weight
 
Figure 28: Comparison of inertia loads for the three test weights on the first 100 
seconds of the Braunschweig Cycle 
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Figure 29: Comparison of total loads for the three test weights on the first 100 
seconds of the Braunschweig Cycle 
 
 
The load experienced by the engine would differ substantially from the total load, as 
shown in Table 2, Table 3, and Table 4. First, the drivetrain efficiency was considered. 
The transmission played a major role in consuming drivetrain energy. Conventional 
North American transit buses had automatic transmissions, and the efficiency of the 
transmission would vary widely over the operating envelope. One might have expected 
the transmission efficiency to be high during high speed operation, especially if the 
torque converter was locked, but far lower efficiency could be expected during low speed 
acceleration. Second, the engine would be burdened with auxiliary loads, including the 
alternator and air compressor loads, and the fan load.  Fan loads might have been 
substantial in rear-engine buses, where little natural cooling occurs. Transmission of 
power from the engine to the fan might also be inefficient.  
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Systems modeling of vehicle energy flow was possible using models such as the 
Advanced Vehicle Simulator (ADVISOR) [100] and the Powertrain System Analysis 
Toolkit (PSAT) [101,102], but in this research a simplified approach was used to 
illustrate relative bus weight effect. It was assumed that the automatic transmission had a 
constant value for efficiency over the whole operating range, and it was assumed that the 
auxiliary load on the engine was constant. Then, the brake horse power (bhp) demand of 
the engine was given by: 
BHP = 1/ŋd (AHP) + HPAux   [Equation 3] 
Where, ŋd was the drivetrain efficiency that encompassed power transfer from the 
flywheel to the rear wheel rim and HPAux was the power demanded by the auxiliary loads 
including the fan load. It was simplistic to characterize drivetrain losses with a fixed 
value of ŋd, because some drivetrain losses were proportional to speed, rather than load. 
Losses that were proportional to speed for a given cycle would appear more like auxiliary 
loads because they were insensitive to test weight. When the auxiliary load was 
calculated from bus data later in this dissertation, some of the losses which were 
proportional to speed were lumped with HPAux.  
The fuel consumed by the engine would not be in proportion to the power demand, 
because the engine operated more efficiently at high load, and suffered proportionally 
higher losses to friction at low load. One might model the fuel consumed by the engine 
using an equation very similar to that used for instantaneous power. However, the 
constant value would have accounted not only for auxiliary loads, but also for frictional 
losses which were most significant at light loads. In the case of throttled engines, used for 
natural gas buses, the constant value would also need to account for pumping losses 
across the throttle. Fuel consumption, therefore, was expressed as: 
 mf = [1/ŋd (AHP) + HPAux]/ (ŋf * QHV) [Equation 4] 
Where, mf was the amount of fuel consumed per unit time, QHV was the heating value of 
fuel, and ŋf was the fuel conversion efficiency [103]. In this simplified model for fuel 
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consumption, three parameters were unknown, namely the drivetrain efficiency, fuel 
conversion efficiency, and the auxiliary power.  
Auxiliary load for transit buses might typically include operating cooling fan, oil pump, 
coolant pump, fuel pump, steering fluid pump, hydraulic pump, alternator, air 
compressor, and A/C compressor. Auxiliary load could be about 20 hp for class 8 tractor 
trucks [104]. For transit buses this load was higher because of the placement of bus 
engine at its rear, thus inducing greater fan load than trucks. Auxiliary loads for a transit 
bus could range from 5 hp [105], when there was no A/C to 40 hp when cooling fan was 
engaged and the A/C was in operation. Virden et al. [106] demonstrated that auxiliary 
load for transit buses could be as high as 40 to 50 hp if the operation of bus doors, 
compartment fans, communication equipment, computer, and multiplex system were also 
considered.      
In this research, the major focus was on the way in which the fuel consumed and the 
emissions produced were affected by bus weight. Therefore, the ratio of fuel consumption 
between empty test weights (EW) and fully loaded test weights (FW) was expressed as 
follows: 
mf (EW)/mf (FW) =  
(1/ŋd (AHP)EW+ HPAux)/ (1/ŋd (AHP)FW+ HPAux)    [Equation 5] 
If a fixed value for auxiliary load and a value for the drivetrain efficiency (such as 75%), 
was chosen then the ratio of FC between empty test weight and full test weight could be 
computed using the total load estimated for these two test weights, as shown in Table 4, 
Table 5, and Table 6, for the OCTA, the Paris, and the Braunschweig cycles, 
respectively. Considering that the auxiliary load demanded from the engine were in the 
range of 5 hp to about 40 hp (with fan), the predicted ratios of FC between these two 
weights for the OCTA Cycle with three drivetrain efficiencies (70%, 75%, and 80%), are 
shown in Figure 30 while Figure 31 shows the predicted ratios with auxiliary load in 
horsepower (hp) for the OCTA, the Paris, and the Braunschweig cycles with assumed 
drivetrain efficiency of 75%. The predicted ratios in FC at empty test weight and full test 
 
 47  
weight ranged from about 0.83 to about 0.91 for the OCTA and the Braunschweig cycles, 
while for the Paris Cycle this ratio ranged from 0.84 to 0.94. This was reasonable since 
the average speed of the OCTA and the Braunschweig cycles (5.40 m/sec and 6.26 
m/sec) were similar, and both were substantially higher than the average speed of the 
Paris Cycle (2.95 m/sec). However, auxiliary load was an important parameter in 
determining this ratio. The difference in FC between empty weight and full test weight 

















Figure 30: Predicted ratio of fuel consumption per unit time between empty weight 
and full weight with auxiliary power on the OCTA Cycle with drivetrain efficiency 





















Figure 31: Predicted ratio of fuel consumption per unit time between empty weight 
and full weight with auxiliary power on the OCTA, the Paris, and the Braunschweig 





Weight effect was observed using the emissions and FC data from the John Deere CNG 
(Bus # 2640), the Cummins CNG (Bus # 2503), and the Retrofitted diesel (Bus # 9654) 
buses.  
 
John Deere CNG Bus 
 
The relative effect of the three test weights on emissions and FC from the John Deere 
CNG bus on the OCTA, the Paris, and the Braunschweig cycles are presented in Figure 
32, Figure 33, and Figure 34, respectively. The blank spaces in these figures indicated 
that respective data were not reported as they were below the detectable limit of the 
analyzers. Distance-specific NOx emissions from this bus were slightly higher at empty 
weight than at full weight, which did not follow the modeled FC trend. However, NOx 
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from this bus was the highest at half weight on all cycles. However, test weight in this 
research increased by about 28% from the empty weight to the full test weight. This small 
difference might not have been sufficient to project the difference in NOx emissions due 
to the test weight.  
CO and PM were very low, variable, and showed no strong trend to test weights. This bus 
emitted about 0.08 g/mile of CO and 0.01 g/mile of PM on the OCTA Cycle, on average. 
HC emissions at full weight were higher than those at empty and half test weights except 
on the Braunschweig Cycle, where they were higher by a small margin. CO2 emissions at 
empty weight were less by 7-10% than those at full weight on all cycles. However, no 
difference in CO2 emissions was observed between half weight and full weight on the 
OCTA and the Paris cycles. FC followed the same trend as CO2 emissions. The ratios of 
FC from this bus between empty weight and full weight were 0.93, 0.91, and 0.91 for the 
OCTA, the Paris, and the Braunschweig cycles, respectively. These ratios, suggested 
from the simple model (Figure 31) that the bus experienced a high auxiliary load, about 
25 hp during the Paris Cycle and about 35 hp during the Braunschweig Cycle. During the 
OCTA Cycle this bus demanded auxiliary power in excess of 40 hp. As noted for 
Equation 3 above, this auxiliary load term might have included some losses in the 
drivetrain which were reflective of low drivetrain efficiency associated with CNG 
technology. The assumption of constant drivetrain efficiency might not have accounted 
for these losses and were lumped with auxiliary losses. In other words, the auxiliary 
losses and constant drivetrain efficiency assumption led to a linear model, which 
attempted to fit a non-linear system dependent on engine and drivetrain efficiency maps. 
It needed to be mentioned here that chassis testing did not include A/C effect on 
emissions and FC. 
 
 




















































JD-2640 (Empty Weight) JD-2640 (Half Weight)
 
Figure 32: Ratio of emissions and fuel consumption at empty weight and half weight 
























































JD-2640 (Empty Weight) JD-2640 (Half Weight)
 
Figure 33: Ratio of emissions and fuel consumption at empty weight and half weight 
to those at full test weight from the John Deere CNG bus on the Paris Cycle 
 
 




















































JD-2640 (Empty Weight) JD-2640 (Half Weight)
 
 
Figure 34: Ratio of emissions and fuel consumption at empty weight and half weight 




There were some reasons that emissions from a bus varied other than due to the test 
weights. These reasons included FC, specific changes in laboratory configuration, human 
driving variability, effect of test weight on automatic transmission behavior, weather 
conditions, and test-to-test variability.  
The John Deere bus was not refueled during the testing. No reconfiguration of the 
Translab occurred, and no analyzer replacement was carried out. The same driver, who 
has about twelve years of experience in dynamometer driving, was used at all test 
weights. 
The spectrum of engine speeds measured during operation at the three test weights was 
examined. Figure 35 showed that the engine spent a small fraction of time at high engine 
speed at empty and half weights relative to full weight on the OCTA Cycle. For example, 
during the test the engine spent about 129 seconds (about 7% of total operation) above 
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1800 revolutions per minute (rpm) at full weight but only 101 seconds (about 5%) at half 
weight. Noting that NOx production was dependant on the degree of throttling on spark 
ignited engines, it was credible that the engine speed could have precipitated differences 
in NOx levels. However, examination of Figure 35 and the corresponding figure for the 
Paris Cycle (Figure 36) showed that there was no systematic difference between the half 
weight and the average of the empty and full weights engine speeds, and therefore, an 
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Figure 35: Comparison of the percentage of engine speed distribution for three test 

























































Empty Weight Half Weight Full Weight
 
 
Figure 36: Comparison of the percentage of engine speed distribution for three test 
weights on the Paris Cycle 
 
There was also a significant change in weather between full weight and half weight 
testing. Ambient weather records available for the nearest location, the 
Baltimore/Washington International Airport (BWI), indicated that temperature and 
humidity during the testing of this bus at full weight were 70°F and 61%, respectively 
while at half weight they were 85°F and 49%, respectively [107]. Higher temperature 
might have increased fan loads, but the FC data did not reflect an increase in NOx at half 
weight (higher ambient temperature test). Higher ambient temperatures might also 
increase NOx production directly (although simple calculations showed that the 70°F to 
85°F effect would be on the order of 1% for NOx production rate in the cylinder), or by 
interacting with the engine controls. 
Test-to-test variability was also taken into consideration. At full weight the NOx varied 
between the two runs by about 11% as shown in Figure 37. But the CO2 varied by less 
than 2%. At half weight the NOx varied by 2% while the CO2 varied by 4% as shown in 
Figure 38. This NOx variability was far below the difference in NOx emissions between 
full weight and half weight. Therefore, the difference between full weight and half weight 
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NOx could be attributed partly to the variations between test runs, partly to the weather 
differences, and partly to the change in transmission behavior. However, without 
knowledge of the precise engine control technology, it was not possible to determine the 





















Figure 37: Test-to-test variability of emissions from the John Deere bus at full 
weight on the OCTA Cycle. Note that the CO and PM scales were increased a 100 
























Figure 38: Test-to-test variability of emissions from the John Deere bus at half 
weight on the OCTA Cycle. Note that the CO and PM scales were increased a 100 
and a 1000 fold, respectively, while the CO2 scale was reduced a 100 fold  
 
 
Cummins CNG Bus 
 
Figure 39, Figure 40, and Figure 41, present the relative effect of test weight on 
emissions and FC from the Cummins CNG bus on the OCTA, the Paris, and the 
Braunschweig cycles, respectively. Mixed effects were observed for distance-specific 
CO, NOx, HC, and PM emissions from this bus with varying test weights. HC emissions 
from this bus were high at half weights on all cycles while CO and PM emissions were 
insensitive to test weights. CO and PM emissions from this bus were about 0.54 g/mile, 
and 0.01 g/mile, respectively, on the OCTA Cycle, on average. FC from this bus was 
higher at full weight than that at empty weight by about 15%. The ratios of FC between 
empty weight and full weight ranged from 0.85 on the OCTA and the Braunschweig 
cycles to 0.89 on the Paris Cycle which indicated that the auxiliary loads consumed about 
10 hp during the OCTA and the Braunschweig cycles and about 15 hp during the Paris 
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Cycle (assuming 75% drivetrain efficiency), as shown on the predicted model in Figure 
31. CO2 emissions followed the same trend as FC from this bus. Distance-specific NOx 
emissions from this bus were higher at full weight than those at empty test weights for all 
cycles. NOx emissions increased by approximately 7% when the test weight increased by 
about 28% from the empty weight to full weight. However, no difference in NOx 
emissions at half and full weights was observed. NOx/CO2 ratios from this bus on the 




















































Cummins-2503 (Empty Weight) Cummins-2503 (Half Weight)
 
Figure 39: Ratio of emissions and fuel consumption at empty weight and half weight 


























































Cummins-2503 (Empty Weight) Cummins-2503 (Half Weight)
 
Figure 40: Ratio of emissions and fuel consumption at empty weight and half weight 

























































Cummins-2503 (Empty Weight) Cummins-2503 (Half Weight)
 
 
Figure 41: Ratio of emissions and fuel consumption at empty weight and half weight 
to those at full test weight from the Cummins CNG bus on the Braunschweig Cycle 
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Retrofitted Diesel Bus  
 
The weight effect on emissions and FC from the retrofitted diesel bus on the OCTA, the 
Paris, and the Braunschweig cycles are presented in Figure 42, Figure 43, and Figure 44, 
respectively. FC from this bus increased with increasing weight on all cycles. On 
average, FC from this bus increased by approximately 19% and 6% for about 32% and 
14% increases in test weights, respectively. The ratios of FC between empty weight and 
full weight were 0.84, 0.82, and 0.85 for the OCTA, the Paris, and the Braunschweig 
cycles, respectively. Therefore, it could be interpreted from Figure 31 that the auxiliary 
loads demanded from the bus were about 10 hp during the OCTA and the Braunschweig 
cycles, and about 5 hp during the Paris Cycle.   
CO, PM, and HC emissions from this bus were very low. The bus emitted about 0.24 
g/mile of CO, 0.01 g/mile of PM, and 0.28 g/mile of HC, on average on the Paris Cycle. 
CO emissions were higher at full weight than those at empty test weights. PM emissions 
were not affected by the test weights. HC emissions from this bus at full weight were 
higher than those at empty weight on the Paris and the Braunschweig cycles but did not 
change on the OCTA Cycle. NOx emissions at full weight were higher than those at 
empty test weight, although mixed trends were observed for NOx at half weight. NOx 
emissions from this bus increased by about 8%, 10%, and 23% on the OCTA, the 
Braunschweig, and the Paris cycles, respectively, for test weight increase of about 32% 
from empty weight to full weight. NOx/CO2 ratios from this bus on the three cycles were 
not influenced by the test weights. 
 
 



















































Diesel-9654 (Empty Weight) Diesel-9654 (Half Weight)
 
Figure 42: Ratio of emissions and fuel consumption at empty weight and half weight 





















































Diesel-9654 (Empty Weight) Diesel-9654 (Half Weight)
 
 
Figure 43: Ratio of emissions and fuel consumption at empty weight and half weight 
to those at full test weight from the retrofitted diesel bus on the Paris Cycle 
 























































Diesel-9654 (Empty Weight) Diesel-9654 (Half Weight)
 
 
Figure 44: Ratio of emissions and fuel consumption at empty weight and half weight 
to those at full test weight from the retrofitted diesel bus on the Braunschweig Cycle 
 
 
WEIGHT EFFECT ON TRUCKS 
 
Effect of operating weights on FC was further examined on heavy heavy-duty diesel 
trucks (HHDDT) tested during the E-55/59 program [108]. This was done to compare the 
analytical method used for passenger weight effect on buses. FC data from thirty-six 
HHDDT, tested on the Transient mode of the HHDDT Schedule were analyzed. All these 
trucks were tested at 30,000 lbs and 56,000 lbs of operating weight while twelve of these 
trucks were also tested at 66,000 lbs. 
 
Here, FC ratios for three loads were interpreted from the road-load equation using 
Equation 5 and considering 70% drivetrain efficiency with auxiliary load ranging from 5 
to 25 hp, as shown in Figure 45. FC ratio between 30,000 lbs and 66,000 lbs operating 
weight varied from 0.61 to 0.78 while this ratio between 30,000 lbs and 56,000 lbs and 
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between 56,000 lbs and 66,000 lbs operating weights varied from 0.68 to 0.83 and 0.89 to 
























Figure 45: Theoretical ratio of FC between 30,000lbs, 56000lbs, and 66,000lbs from 




Experimental FC from these trucks for these three weight ratios were compared with the 
theoretical prediction. Experimental FC ratio between 30,000 lbs and 66,000 lbs 
operating weight varied from 0.52 to 0.73 while these ratios between 30,000 lbs and 
56,000 lbs and between 56,000 lbs and 66,000 lbs operating weights varied from 0.66 to 
0.90 and 0.73 to 0.97, respectively, as shown in Figure 46. The experimental ratios 
followed the theoretical prediction very closely but varied over a wide range indicating 
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SUMMARY ON WEIGHT EFFECT 
 
In this analysis the effect of operating weight on FC was explained using the road load 
equation and a simple model for drivetrain efficiency and auxiliary loads. Analysis 
showed that FC was affected by the power demanded of the engine, which was governed 
by wind drag, rolling resistance, inertia load, auxiliary load and the drivetrain and fuel 
conversion efficiency. A prediction model was then developed to project the ratio of fuel 
consumption between empty weight and full test weight. It was found that the predicted 
ratios would vary from approximately 0.83 to 0.94 depending on component efficiencies, 
the amount of power demanded by the auxiliary loads, and the nature of driving cycles.  
This predictive model was compared with FC data collected from a John Deere CNG bus, 
a Cummins CNG bus, and a retrofitted diesel bus. Results showed that FC from these 
buses increased once the test weight was increased from empty weight to full weight. It 
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was found that the ratio of fuel consumption between the empty weight and full test 
weights ranged from 0.91 to 0.93 for the John Deere CNG bus, from 0.85 to 0.89 for the 
Cummins CNG bus, and from 0.83 to 0.85 for the retrofitted diesel bus. These findings 
supported the predicted ratios developed for FC.  
NOx emissions from the John Deere CNG bus were not found to follow these ratios. NOx 
emissions from the John Deere bus were higher at empty weight than those at full weight 
by about 10%. This bus also exhibited higher NOx emissions at half weight than those at 
full weights. The exact cause for the different trend in NOx emissions at these weights 
could not be determined. It was suspected that this could be due to the variations between 
test runs, ambient temperature and humidity, and due to different transmission behavior. 
It was worth mentioning that NOx emissions from natural gas lean-burn engines were 
also very sensitive to air-fuel ratio. The ratio of NOx emissions between the empty 
weight and the full weight varied from 0.90 to 0.95 for the Cummins CNG bus and from 
0.81 to 0.92 for the diesel bus over these cycles. For CNG buses a 28% increase in test 
weight yielded about 12% increase in FC but no significant increase in NOx emissions 
when the data for both of the buses on all three cycles were averaged. For the diesel bus a 
32% increase in weight yielded in about 19% increase in FC and about 14% increase in 
NOx emissions, on average. HC emissions from CNG and diesel buses did not follow any 
trend with test weight. CO and PM emissions from these buses were very low and were 
insensitive to test weights.  
 
Weight effect analysis was further extended to thirty-six HHDDT, tested during the E-
55/59 program in order to compare the weight effect results obtained from three transit 
buses. These trucks were tested at three operating weights. Experimental FC data from 
the Transient Cycle showed that changes in FC for corresponding changes in operating 
weights closely followed the theoretical prediction inferred from the road-load equation.
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EFFECT OF ROAD GRADE AND TERRAIN ON FUEL CONSUMPTION  
 
DEFINING ROAD GRADE AND TERRAIN 
 
The American Association of State Highway and Transportation Officials (AASHTO) 
defined road grade as the rise or fall in vertical distance divided by the horizontal 
distance for that particular route. While discussing road grade, it was imperative to 
discuss terrains as they were inter-related and they had profound effect in designing road 
grade [84]. Terrains were classified into three types by AASHTO: flat or level terrain, 
rolling terrain, and mountainous terrain. Road elevations were occasional and smooth in 
flat terrain, while in rolling terrain natural slope consistently rose and fell below the road 
grade. Elevations in mountainous terrain were abrupt and steep. A graphical 
representation of road grade with rolling and mountainous terrains on the OCTA Cycle is 
presented in Figure 47. Note that the cycle started with a zero percentage grade and 
completed its route and ended at the same grade. 
 
By definition, rolling terrain with high grade percentage could cause vehicles to reduce 
their speeds at constant power while mountainous terrain, generating steeper grade could 
cause some trucks to significantly compromise their speed. It was observed that 
passenger cars could overcome 4-5% grade without compromising their speeds [84].  
AASHTO recommended that road grade for commercial and business areas should be 
less than 5% [84]. A minimum road grade of 0.5% was also recommended by AASHTO 
for smooth drainage. AASHTO also pointed out the importance of weight-power ratio of 
a vehicle in maintaining its driving speed. A truck with weight-power ratio of 200 lb/hp 
was expected to maintain 60 mph speed at 3% uphill grade [84]. Therefore, an under-
powered bus would have to sacrifice its speed at uphill driving while an over-powered 
bus would have minimum problem there.  
 
The basic definition of road grade provided complexity in determining road grade for a 
particular bus route. This is especially true in transit applications, for a closed circuit of 
activity on a road, the average grade would be zero. To avoid inconsistency, road grade, 
 
 65  
in this dissertation, was mimicked with a sine wave and described in terms of the nature 
of terrain. A 5% road grade on rolling terrain implied ascending a rolling hill in a 
sinusoidal way reaching 5% maximum grade followed by descending to the 5% level in 
the same way and completing the cycle at the same elevations where it started. It was 
acknowledged that sinusoidal representation of grade was an approximation of road grade 

































Rolling Terrain Mountainous Terrain Speed 
 
Figure 47: Representation of road grade on OCTA Cycle against cycle duration for 
different terrains  
 
The graphical representation of terrain in Figure 47 was determined with respect to the 
distance traveled on that cycle but showed the time of the cycle in order to compare grade 
percentage with cycle speed. The same terrain, if plotted against distance traveled would 
have been represented as shown in Figure 48. In Figure 48 the grade increase or decrease 
is a continuous function with distance while in Figure 47 the small straight line on the 






















Flat Terrain Rolling Terrain Mountainous Terrain
 
Figure 48: Representation of road grade on OCTA Cycle against distance traveled 
for different terrains  
 
 
Alternately road grade and terrain could be produced with respect to the time traveled on 
that cycle as shown in Figure 49, where road grade was determined from the cycle 
duration. As a result, grade was represented as a continuous function of cycle time. Note 
that here the cycle was started at negative grade followed by uphill and downhill driving 
and returning to the elevations where it started. However, this method failed to capture 
the fact that any change to road grade was not possible when the bus was idling. 
Therefore, grade representation in this dissertation was calculated as continuous function 
of distance but presented with time to relate corresponding speed. 
 
 
































Figure 49: Representation of road grade on OCTA Cycle for mountainous terrain 
determined from cycle time. 
  
 
MODELING ROAD GRADE EFFECT ON FUEL CONSUMPTION 
 
The effect of road grade on total load and FC was analyzed by assigning a road grade to a 
drive cycle. The grade effect was included in the road-load equation for a drive cycle and 
an empirical relationship was developed to account for the difference in FC with or 
without grade.  
 
FC rate with no grade as shown in Equation 4 was expressed as: 
 
mf ng = [1/ŋd (AHP) ng + HPaux]/ (ŋf * QHHV) [Equation 6] 
 
Taking road grade into effect FC with road grade then became: 
 
mf wg = [1/ŋd (AHP)wg + HPaux]/ (ŋf * QHV) [Equation 7] 
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Therefore, the ratio of FC with and without road grade was expressed as: 
 
mf wg / mf ng =  
(1/ŋd (AHP)wg + HPAux)/ (1/ŋd (AHP)ng+ HPAux) [Equation 8] 
 
In this equation the ratio of FC depended only on the ratio of power demanded with and 
without road grade, provided the vehicle operated at a fixed weight. Therefore, for any 
particular drive cycle, FC would be a function of cycle average speed and road grade. 
However, it needed to be remembered that engine efficiency was not constant. Therefore, 
a cycle that demanded continuous high power probably got more benefit than an under 
power cycle as the engine could have operated on a high efficient area in the speed-
torque map. 
 
Equation 8 was applied to the speed-time traces of the Commuter Cycle, where a 5% 
maximum road grade was also assigned as shown in Figure 50. While integrating the 
road-load equation over the Commuter Cycle with road grade, it was assumed that the 
driver would have pressed the brake when the negative road grade exceeded drag, rolling, 
and inertia load, combined. A comparison of the difference in total load with and without 
road grade is presented in Figure 51. It was found that addition of road grade would result 
in about 28% additional FC considering the vehicle had 75% drivetrain efficiency and 
that the auxiliary power demand was about 7.5 kW (10 hp).  
 
 





















































Without Grade With Grade
 
Figure 51: Comparison of the total load for a transit bus with and without road 
grade on the Commuter Cycle  
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It was not conceivable that bus routes would always start at 0% grade. A bus route might 
have started at some uphill grade followed by downhill grade or vice versa. Effects of 
phase shift, therefore, were considered before computing the grade effect on FC. In this 
analysis a bus was assumed to follow the OCTA Cycle and various combinations of road 
grades were imposed on its route. Two such combinations are presented in Figure 52 and 
Figure 53. It was found that change in phase shift for 5% mountainous grade on the 
OCTA Cycle caused a variation in its total load from about 15 kW-hr to 18 kW-hr.  
Therefore, an effort was made to create a representative number of combinations and the 





























Rolling Load Inertia Load Grade Load Road Grade 
 
 
Figure 52: Continuous rolling, inertia, and grade load for 5% maximum road grade 































Rolling Load Inertia Load Grade Load Road Grade 
 
 
Figure 53: Continuous rolling, inertia, and grade load for 5% maximum road grade 
with 1.1 mile distance shift on the OCTA Cycle 
 
 
However, caution must be exercised while analyzing grade effect on heavy-duty truck 
cycles. Because they did not have truck stop system at regular interval like bus cycles and 
their idle periods were longer than the bus cycles. Consider 5% maximum grade effect on 
the UDDS cycle with no distance shift, as shown in Figure 54. In this case the road grade 
resulted in an additional power demand of 4.7 kW-hr (42%). When this grade was 
imposed with various distance shift, additional power demand varied from 0.0 kW-hr 
(0%) to 10.7 kW-hr (96%). Therefore, a greater number of combinations for road grade 
would have to be considered for truck cycles. Note that the braking line on the negative 
grade load in Figure 54 resulted from the adjustment of grade load to zero i.e. service 
braking when negative grade load exceeded the load resulted from drag, rolling, and 
inertia loads.   
 
 



























Rolling Load Inertia Load Grade Load Road Grade 
 
Figure 54: Continuous rolling, inertia, and grade load for 5% maximum road grade 
with no distance shift on the UDDS Cycle 
 
 
Presence of road grade on a transit route could develop two scenarios for any vehicle. In 
the first scenario the vehicle might be able to deliver the extra power demanded from the 
engine and follow the speed-time trace. This was more likely to happen for low and 
medium speed cycles with low road grade. In the second case the vehicle might be unable 
to provide additional power demanded from the engine resulting in reduced speed at 
uphill grade. This scenario was more likely to take additional time to complete the same 
route.  These two cases are presented in detail in the following paragraphs.  
 
A heavy-duty vehicle, such as a transit bus was considered to follow a speed-time 
schedule. To examine grade effects, it was valuable to impose an undulating terrain on 
the speed-time trace. Since the original cycle was developed for use on flat terrain 
simulation, it was possible that the modeled power demand from the bus might have 
exceeded the actual bus power when road grade was imposed. Since one output of the 
modeling effort might be a cycle-averaged emissions mass, and since the emissions rate 
was undefined at power levels above the engine maximum power, an approach was 
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developed to address these high power events. In reality, in following a route, a bus 
would simply reach maximum power demand on a grade and continued to use maximum 
power until the target speed was achieved or until the grade was reduced. Consider 
Figure 55, Figure 56, and Figure 57. Figure 55 shows the speed-time trace of a segment 



























Load with grade Speed
 
Figure 55: Actual power demand to follow the speed-time trace on a flat grade 
 
 
In Figure 56 the same target trace was applied but a steady uphill grade was imposed. 
Applying steady uphill grade would result in higher power demand that might not be 
available from the engine. In reality, this bus would have taken a longer period of time to 
achieve its required speed. Although it might be tempting simply to increase the 
acceleration period, this would cause the bus to move further during the acceleration 
period, and the cruise period needed to be reduced if the cycle total distance needed to be 
preserved.  
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In Figure 57, the bus was limited to actual maximum power of about 151 kW, therefore, 
the bus could spend in reality a longer time in accelerating and less time in cruising. (The 
actual maximum power of a 280 hp rated bus with 75% drivetrain efficiency and about 
10 hp auxiliary power comes to about 202 hp or 151 kW). In this case, acceleration 
period was greater than that from Figure 56 and while cruise time was less. That is, from 
Figure 56 and Figure 57, 
 
(t2'-t1) > (t2-t1), and  
 
(t3'-t2') < (t3-t2)  
 
Also, t2' > t2, t3' > t3, and t4' > t4 so that the latter part of the cycle was delayed when the 
grade was imposed.  
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Assuming that emissions were produced at a rate of mfp at full power, then for the zero 
grade case during full power acceleration the emissions mass produced from Figure 55 is  
 
Mng = mfp [t2-t1] = 10 mfp   [Equation 9] 
 
For the case in Figure 57 it was,  
 
Mwg = mfp [t2'-t1] = 11 mfp   [Equation 10] 
 
In the imaginary case in Figure 56, if it were assumed that emissions would increase 
proportionately with power beyond the engine maximum power, the emissions produced 
during acceleration would be 
 
t0 t1 t2' t3' t4' 
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dttP )/P1  [Equation 11] 
 
Where, P1 = 151 kW 
 
From Figure 56, we got Mwg = 7 mfp 
 
Therefore, emissions mass produced in Figure 57 was greater than emissions mass 
produced in the case of Figure 56. It was because more work was done in aerodynamic 
and rolling load was generated in Figure 57 than that in Figure 56. 
 
Conversely, in Figure 57, the emissions from the cruise section, Mc, were reduced than 
the case in Figure 56 because less time was spent on cruising.  
 
From Figure 56, Mc = mc [t3-t2] = 18 mc,  [Equation 12] 
 
From, Figure 57, Mc = mc [t3-t2'] = 17 mc   [Equation 13] 
 
Therefore, the total emissions during both acceleration and cruising sections were: 
 
For Figure 56, MT = (7 mfp +18 mc), and  
 
For Figure 57, MT = (11 mfp + 17 mc) 
 
The difference therefore, Md = (4 mfp - mc)  [Equation 14],  
 
This difference was dominated by the acceleration event. This was natural for this 
scenario where a very small segment was considered and a small part of this segment 
needed power above the available engine power.  
 
Also, the difference was dominated by the emissions rate produced at full power. This 
difference was also computed in a simple but different way taking into consideration the 
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difference in aerodynamic and rolling losses between these two events for their respective 
acceleration time, as shown below. 
 
Md = ({(0.5 CDρAv3 + µmgv) * [t2'-t1]} – {(0.5 CDρAv3 + µmgv) * [t2-t1]}) * mfp /P1 
        [Equation 15] 
 
Calculating the aerodynamic and rolling loads from Figure 56 and Figure 57,  
 
Md = 1.5 mfp 
 
For low speed cycles, aerodynamic effect could be neglected and hence Equation 15 
became 
 
Md = ({µMgv * [t2'-t1]} – {µMgv * [t2-t1]}) * mfp /P1  [Equation 16] 
 
Calculating the rolling loads from Figure 56 and Figure 57,  
 
Md = 0.07 mfp 
 
Therefore, it could be argued that while calculating the change in emissions and FC for 
road grade for a particular cycle, a method as shown in Figure 56 could be followed 
instead of adjusting each and every acceleration event due to the restriction in actual 
maximum engine power shown in Figure 57 since the difference between these two 
methods was found to be insignificant. This would eliminate the need for adjusting cycle 
speed for grade where demanded power exceeded the actual maximum power of the 
engine.  
 
This logic was further supported by calculating the difference in FC using Equation 8 for 
the above mentioned scenarios applied to rolling or mountainous terrain. For rolling and 
mountainous terrains with 6% maximum road grade, it was found that no significant 
difference resulted in projecting FC demand due to road grade between the two methods 
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shown in Figure 56, and Figure 57. Therefore, for the purpose simplicity, in this 
dissertation, the difference in FC due to road grade was calculated using the method 
shown in Figure 56, where cycle road load was allowed to demand power beyond 151 
kW in order to maintain its speed-time trace.   
 
EFFECT OF ROAD GRADE ON FUEL CONSUMPTION FOR SELECTED DUTY 
CYCLES 
 
In this section the effect of road grade was observed on selected bus cycles. These cycles 
included the NYBus Cycle, the ADEME-Paris Cycle, the OCTA Cycle, the 
Braunschweig Cycle, and the KCM Cycle. Road grade was included in the road load 
equation and the percentage of FC increase due to road grade was computed. The bus was 
considered to have no passenger and was assumed to consume about 7.5 kW (about 10 
hp) to run its auxiliary loads.  
 
Varying road grades from 1% to 5% with different combinations were considered on 
rolling and mountainous terrains for NYBus, the ADEME-Paris, the OCTA, the 
Braunschweig, and the KCM cycles, and their average effect on total load and 
corresponding effect on FC was recoded. An occasional 0.5% maximum 
positive/negative grade was considered for level terrain also. For the level terrain the road 
grade was plotted at several phases and the average effect was recorded. Percentage 
increase in FC due to road grade on the NYBus, the Paris, the OCTA, the Braunschweig, 
and the KCM cycles are presented in Table 5, Table 6, Table 7, and Table 8, respectively.  
 
While applying the road grade to the cycles it was observed that at high negative grade on 
some cycles the total load became negative due to high negative load from road grade. In 
that moment service braking was assumed to have been applied and the total load was 
considered zero, as shown in Figure 58 for the 1200 to 1600 sec duration of the KCM 
Cycle with 5% negative grade. This was supported by Sovran et al. who demonstrated 
that if the tractive force was negative then retarding or service braking was required at the 
tire/road interface of the wheels [75].   
 











































Figure 58: Adjustment of grade load with service braking demonstrated on the 
KCM Cycle from 1200 to 1600 sec 
 
 
The results showed that the effect of road grade on FC was affected by the average speed 
of the cycle. An occasional flat grade of either ±0.5% grade had negligible effect FC. 
Hence, they were not included in these tables. For the NYBus Cycle, inclusion of 5% 
maximum road grade increased FC by about 7% on rolling and mountainous terrains 
while for the OCTA Cycle, FC increased by about 27% and 25%, respectively.   
 
Table 5: Percentage increase in FC due to road grade on the NYBus Cycle 
 
Terrain Rolling Mountain 
Road Grade 1% 2% 3% 4% 5% 1% 2% 3% 4% 5% 
Total Load without 
Grade (kW-hr) 
1.60 1.60 
Total Load with  
Grade (kW-hr) 
1.64 1.76 1.87 1.96 2.06 1.62 1.78 1.88 1.98 2.08 
Increase in FC with 
Grade (%) 
0.52 2.36 3.90 5.29 6.6 0.30 2.57 4.13 5.54 7.00 
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Table 6: Percentage increase in FC due to road grade on the Paris Cycle 
 
Terrain Rolling Mountain 
Road Grade 1% 2% 3% 4% 5% 1% 2% 3% 4% 5% 
Total Load without 
Grade (kW-hr) 
7.30 7.30 
Total Load with  
Grade (kW-hr) 
7.45 8.02 8.52 9.14 9.79 7.42 8.01 8.41 8.91 9.58 
Increase in FC with 
Grade (%) 
1.15 5.70 9.72 14.6 19.8 0.89 5.60 8.85 12.7 18.1 
 
 
Table 7: Percentage increase in FC due to road grade on the OCTA Cycle 
 
Terrain Rolling Mountain 





Total Load with  
Grade (kW-hr) 
13.2 14.2 15.3 16.5 18.0 13.2 14.1 15.4 16.6 17.8 
Increase in FC 
with Grade (%) 
0.60 6.10 11.8 18.7 26.5 0.50 5.95 12.3 18.8 25.3 
 
Table 8: Percentage increase in FC due to road grade on the Braunschweig Cycle 
 
Terrain Rolling Mountain 





Total Load with  
Grade (kW-hr) 
14.1 15.3 16.5 17.7 19.0 14.1 15.4 16.5 17.8 19.2 
Increase in FC 
with Grade (%) 
0.48 6.73 12.8 18.9 25.7 0.38 6.98 12.8 19.5 26.4 
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Table 9: Percentage increase in FC due to road grade on the KCM Cycle 
 
Terrain Rolling Mountain 





Total Load with  
Grade (kW-hr) 
27.2 28.8 30.7 32.9 35.5 27.2 28.2 31.3 34.5 36.8 
Increase in FC 
with Grade (%) 
0.26 5.3 10.9 17.8 25.7 0.12 3.18 12.9 22.7 29.9 
 
 
SUMMARY ON GRADE EFFECT 
 
Road grades were defined in relation to flat, rolling, and mountainous terrain. While 
analyzing grade effect on FC, a road grade was assigned to a drive cycle and an equation 
for the ratio for FC with and without grade was developed. It was observed that ratio of 
FC depended only on the ratio of power demanded with and without grade provided the 
vehicle operated on a fixed weight and had uniform auxiliary power in these two modes.  
This analysis was then applied to a number of drive cycles to compute the effect of road 
grade on FC on these cycles for varying grades on rolling and mountainous terrain. 
However, it was acknowledged that road grades were not constant for a particular route 
and its origin might not have coincided with the origin of a bus route, and therefore, the 
effect of phase shift was demonstrated. Varying phase shifts were analyzed for a drive 
cycle and their average effect on the total load and FC was considered. An analysis was 
also carried out to examine the consequences of a vehicle not being able to deliver the 
additional power demanded from the engine due to the presence of high road grade. In 
this case, the vehicle was likely to have more acceleration time to reach its designated 
speed and was likely to take more time to complete its route. Finally, the effect of varying 
road grades on FC was observed for rolling and mountainous terrains and they were 
tabulated for the NYBus, the Paris, the OCTA, the Braunschweig, and the KCM cycles.
 
 82  




Here, a prediction model for FC was developed for diesel transit buses for a specific route 
considering its average speed, passenger loading, and road grade. The average speed was 
determined from the route’s speed limit and the number of stops on that route, followed 
by determining FC from the experimental data. Finally, correction factors were applied 
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STEP I: DETERMINING AVERAGE SPEED FROM TRIP DURATION, SPEED LIMIT, 
AND NUMBER OF STOPS 
 
In this step the target user, transit operators in this case, would be asked to provide speed 
limit and the number of stops in his route, if they were not aware of the average speeds of 
their routes. This analysis was performed using cycle statistics of other transit bus cycles, 
including the NYBus, the ADEME-Paris, the Manhattan, the WMATA, the OCTA, the 
Mexico City Schedule (MCS) that includes MX1, MX2, and MX3 segments, the Beeline, 
the Braunschweig, and the KCM cycles. From these cycles, first, the average time spent 
in a stop was determined followed by the determination of average acceleration time to 
attain the speed limit and average deceleration time to come to a stop. The following 
assumptions were made during this analysis. 
 
a. The bus was expected not to exceed the speed limit 
b. The bus tried to achieve the cruising speed in each acceleration  
c. The bus did stop for a specific time at the bus stop  
d. Acceleration and deceleration time for every peak was uniform 
 
With these assumptions, distance covered during the acceleration and deceleration was 
calculated as: 
 
Sa/d = (NS * Ta/d ) * (Vmax* 0.55)  [Equation 17] 
 
where,   
NS = Total number of stops  
Ta/d = Average time taken for every acceleration and deceleration event in hour 
Vmax = Maximum speed of the route or the speed limit in mph 
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Note that the average speed during the acceleration and deceleration period was 55% of 
the maximum speed which was computed from chassis drive cycles, including the Paris, 
the WMATA, the OCTA, the MCS, the Braunschweig, and the Beeline cycles.   
The total distance, ST for a cycle included distances during acceleration and deceleration 
and the cruise mode, which was calculated as: 
 




Tcycle = Cycle duration in hr and  
TS = Duration at a stop in hr 
 
Therefore, average speed was calculated as follows: 
 
Vavg = ((NS * Ta/d ) * (Vmax* 0.6) + (Tcycle – (NS * (Ta/d + TS))) * Vmax)/ Tcycle   
  [Equation 19] 
 
All parameters in Equation 19 were determined from cycle analysis. It was found that 
these cycles took about 21 sec, on average for acceleration to 30 mph speed while they 
took about 14 sec deceleration time to come to stop from 30 mph. The average time for a 
stop was about 20 sec. 
  
The projected average speeds for these cycles, calculated from Equation 19 were 
compared with their actual average speed and it was observed that this correlation 
induced an R2 value of 0.65, as shown in Figure 59.  
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Figure 59: Relationship between the actual average speed and the projected average 
speed of selected cycles 
  
The variation between actual and projected average speeds could be attributed to the 
following reasons. 20 sec duration at bus stop of was, however, conservative. The 
NYBus, WMATA, MX2, and MX3 cycles were found to have about 30 sec of stoppage 
time at each bus stop. Also, the buses were not found to reach its maximum speed or the 
speed limit in each acceleration event. For example, the NYBus, WMATA and the MX1 
cycles reached its speed limit once in its entire duration. Also, the time taken for 
acceleration and deceleration was not uniform for all cycles.  
 
STEP II: DETERMINING FUEL CONSUMPTION FROM AVERAGE SPEED 
 
In the second step, FC was determined with the help of FC trend developed from the 
WMATA data and using the average speed computed from Equation 17. The correlation 
equation between FC and average speed, developed from the trend in Figure 26, was used 
in this step. FC for selected speeds for the Cummins diesel bus is provided in Table 10. It 
needed to be mentioned here that FC data taken from the WMATA program did not 
 
 86  
include the effect of air conditioning (A/C). The effect of A/C load on FC would ave o be 
developed and would be an addition to this model. 
 
 


















STEP III: DETERMINING CORRECTION FACTOR FOR PASSENGER WEIGHT 
 
FC and emissions from the diesel bus were measured at half passenger weight. Therefore, 
a weight correction factor (WCF) was developed to consider for the effect of empty and 
full passenger loading on FC.  
 
FC for the retrofitted diesel bus at half passenger weight was 0.391 gal/mile on the Paris 
Cycle. At full passenger weight FC increased by about 7% and for empty passenger 
weight it reduced by 11%. The same bus, on the OCTA Cycle consumed 0.296 gal/mile 
at half passenger weight. FC increased by about 5% for full passenger weight and 
reduced by 12% for empty passenger weight. On the Braunschweig Cycle, the bus 
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consumed 0.281 gal/mile at half weight while it consumed 0.301 gal/mile and 0.257 
gal/mile at full weight and empty weights, respectively. On average, there was a decrease 
in FC by about 10% for the empty weight and an increase of about 7% for full weight. 
Similar observations were made from the road load equation on this bus on the same 
cycle. It was observed that FC would have increased by 3% to 9% and decrease by 3% to 
9%, depending on the average speed of cycles if the bus was operated at full passenger 
weight and empty passenger weight, respectively, in comparison to its half weight 
operation. Empirical relations were developed from these findings for the full and half 
passenger weights as shown in Figure 60.  
 
 
y = -3.0649E-04x2 + 1.0325E-02x + 1.0020E+00
R2 = 9.0187E-01
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Figure 60: Ratio of fuel consumption between full and half passenger weights and 




 88  
STEP IV: DETERMINING CORRECTION FACTOR FOR TERRAIN AND ROAD 
GRADE 
 
Two inputs, the type of terrain and the percentage of grade need to be determined in order 
to compute the increase in FC for grade. While analyzing grade it was observed that the 
percentage increase in FC with grade was largely affected by average speed. Percentage 
increase in FC for the NYBus, the Paris, the OCTA, and the KCM cycles for different 
grade on rolling, and mountainous terrains are presented in Figure 61 and Figure 62, 
respectively. On rolling terrain the percentage increase in FC for 5% grade on the NYBus 
Cycle (3.69mph average speed) was about 7% while it was about 20% and 27% on the 
Paris (6.77mph) and the OCTA (12.08mph) cycles, respectively. However, the 
percentage increase was moderate at higher speed cycles, because aerodynamic load 
dominated their total loads. The FC increase with road grade generated a good correlation 
with R2 values ranging from 0.87 to 0.94 on the rolling terrain and from 0.92 to 0.99 on 
the mountainous terrain.  Therefore, for any bus cycle, the grade correction factor (GCF) 
was computed using the correlations from Figure 61 and Figure 62 for rolling and 
mountainous terrains, respectively. For example, GCF, computed for a 3% grade on 
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R2 = 8.6520E-01
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STEP IV: VALIDATING THE MODEL WITH REAL-WORLD FC DATA  
 
 
FC data generated from this model was validated with the real-world data from transit 
buses published in literatures. Chandler et al. [109] collected some real-world FC data 
from King County Metro Transit, Long Beach Transit, and New York City Transit. New 
York City Transit had about 3,669 diesel buses while the King County Metro had 1,137 
diesel buses in their fleet. Long Beach Transit had only 169 diesel buses. The operating 
speed for New York City Transit, King County Metro Transit, and Long Beach Transit 
was about 6.35 mph, 12.3 mph, and 13.8 mph, respectively. In New York City Transit the 
1999 MY Orion V buses had FC of about 0.42 gal/mile, on average. With 6.35 mph 
average speed, this model predicted FC of about 0.31 gal/mile for the 2006 MY buses 
without A/C and without any corrections for passenger weight and grade. The FC 
increased to 0.33 gal/mile after assigning half passenger loading and ignoring the effect 
of grade for the New York City. In King County Metro the 2004 MY New Flyer 60-foot 
diesel articulated buses demonstrated FC of about 0.39 gal/mile. These buses were 150% 
heavier than 40-foot buses and were designed to carry 58 passengers. For their average 
speed the model predicted 0.23 gal/mile for the 2006 MY buses. The predicted FC 
increased to 0.30 gal/mile considering the additional weight of these buses compared to 
conventional 40-foot buses and accounting for half passenger loading, on average. For 
KC Metro transit a 3% rolling grade was also assigned following the grade profile 
presented in the KCM Cycle. The predicted FC then increased to 0.38 gal/mile with this 
grade profile. Long Beach Transit achieved a FC of 0.29 gal/mile from its 2002 MY 
diesel fleet. The FC value estimated from the model was 0.23 gal/mile for their average 
speed with half passenger loading. The predicted FC values for New York City Transit, 
Long Beach Transit, and King County Metro Transit were about 22%, 21%, and 3% less 
than that the real-world values, respectively. The difference between the predicted and 
real-world values could primarily be attributed to the improvement in diesel technology 
over the years, from 1994 MY to 2006 MY for New York City Transit buses and from 
2002 MY to 2006 MY for Long Beach buses. The difference could also be attributed to 
real-world passenger loading, fan and accessory power consumption, use of A/C or 
heating, and the driving profile. 
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CONCLUSIONS 
 
This dissertation focused on developing a prediction model for fuel consumption (FC) 
from diesel transit buses in North America that was primarily intended for the transit 
operators and managers. The effect of average speed, passenger weights, road grade, and 
terrain on emissions and FC were also analyzed in this process. The research considered 
regulated emissions and FC data collected from thirteen 40-foot transit buses including 
six buses with lean-burn natural gas technology, three hybrid-electric diesel buses, two 
retrofitted diesel engine buses and two new diesel buses. These data were collected using 
a chassis dynamometer laboratory, operated by West Virginia University. More than 
twenty available chassis cycles were analyzed to understand the effect of average drive 
cycle speed on other cycle properties. It was found that properties of cycles like standard 
deviation of speed, percentage of idle, and stops per unit distance were closely related 
with average cycle speed.   
 
While observing the effect of average speed on emissions and FC, it was found that 
distance-specific emissions of NOx from these buses were low when driven on high 
speed cycles such as the Commuter and the Arterial phases of SAE J1376 and high when 
driven on low speed cycles such as the NYBus, Manhattan, or Paris cycles while 
distance-specific FC, inferred from the CO, HC, and CO2 emissions using carbon balance 
was high at low speed cycles and low at high speed cycles. PM, CO, HC from these buses 
did not provide a strong correlation with average speed except HC. HC emissions from 
the CNG buses were very high compared to those from diesel and hybrid buses and they 
developed a good correlation with cycle average speed.  
 
Then the effect of operating weight on FC was explained using the road load equation 
and a model for drivetrain efficiency and auxiliary loads. Analysis showed that FC was 
governed by the power demanded of the engine, which was affected by wind drag, rolling 
resistance, inertia load, auxiliary load and the drivetrain and fuel conversion efficiency. A 
prediction model was developed to project the ratio of FC between empty weight and full 
test weight. It was found that the predicted ratios would vary from approximately 0.83 to 
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0.94 depending on component efficiencies, the amount of power demanded by the 
auxiliary loads, and the nature of driving cycles. This predictive model was compared 
with FC data collected from three 40-foot transit buses powered with a John Deere lean-
burn natural gas engine, a Cummins lean-burn natural gas engine, and a DDC Series 50 
retrofitted diesel engine.  Experimental results showed that FC from these buses 
increased once the test weight was increased from empty weight to full weight. It was 
found that the ratio of FC between the empty weight and full test weights ranged from 
0.88 to 0.91, on average for the CNG buses and from 0.83 to 0.85 for the retrofitted diesel 
bus. These findings supported the predicted ratios developed for FC.  
 
The analysis on the passenger weight effect was followed by the effect of road grade and 
terrain on FC. It was important to define road grade in association with road terrain. Once 
defined, road grade for a particular terrain was included in the road load equation and the 
percentage increase in FC with road load was observed. Varying road grade from 1% to 
5% was considered on rolling and mountainous terrains for diesel buses on some selected 
cycles. The percentage increase in FC due to road grade on these cycles showed that the 
effect of road grade on FC was affected by the average speed of the cycle. On rolling 
terrain the percentage increase in FC for 5% maximum grade was higher on high speed 
cycles than that on the low speed cycles. However, the percentage increase was moderate 
when only high speed cycles were compared. The FC increase with road grade also 
generated a good correlation with average speed of the cycle on rolling and mountainous 
terrains. 
  
Finally all these analyses were taken to construct a simple predictive model for FC 
projection for a 40-foot diesel bus. Here, the average speed of a bus route was determined 
from its speed limit, number of stops, and route duration. Once the average speed was 
determined, it was used to calculate FC from the speed correction developed from the 
WMATA data followed by determination of the weight correction factor (WCF) for full 
and no passenger weight. Finally, a grade correction factor (GCF) was included to 
consider for the effect of terrain and the percentage of road grade. Validation of this 
model was performed with the real-world FC data reported from three transit agencies. 
 
 94  
The difference in FC values were attributed to the improved efficiency of new diesel 
buses, use of A/C or heating, difference in fan load, and different driving profile.   
 
This dissertation has potential for modeling FC in transit applications and is expected to 
attract considerable attention from transit operators. The predictive model would provide 
‘the tool’ that the transportation community was looking for. It is also likely to give an 
insight into the planning and selection of bus technologies for transit application. It is 
acknowledged that this model is developed for a 40-foot diesel bus, therefore, models for 
CNG and diesel hybrid-electric buses will have to be developed. This model deals with 
40-foot transit buses, the most common form of transit buses in the U.S. The necessity for 
developing FC model for 60-foot articulated buses is duly recognized. It is also 
acknowledged that many models of this kind will be needed for the transit industry to 
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RECOMMENDATIONS FOR FUTURE RESEARCH 
 
This dissertation focused on developing a predictive modeling tool for transit managers 
and operators. It primarily focused on predicting FC from diesel buses from average 
speed of drive cycles and by incorporating correction factors for passenger weight and 
road grade. This research demonstrated that the average speed of a cycle was the most 
important parameter that defined the cycle. However, other cycle parameters including 
percentage idle and acceleration/deceleration also affected emissions formation and FC. 
Therefore, future research on developing emissions and FC modeling tool from a 
collection of parameters by matrix inversion method is recommended. These parameters 
might include average speed, percentage of idle, acceleration/deceleration, and stops per 
unit distance. 
 
This research developed a correction factor for three passenger weights; empty weight for 
no passenger, half weight for 50% passenger and full weight for fully laden transit bus. 
However, passenger loading would not be uniform and identical in real-world traffic. 
Also, the experimental data were collected for diesel and CNG buses on three drive 
cycles only. There was inconsistency in NOx emissions trend from a CNG bus, which 
exhibited comparatively low NOx at full weight than that at half and empty weights. 
Therefore, FC and emissions data could be collected on a number of cycles for future 
analysis that would include transit buses across all technologies. 
 
This dissertation also developed a correction factor for grade and terrain from the road-
load equation. The researcher acknowledged that a very limited research was performed 
on grade effect on emissions and FC. No experimental emissions and FC data for varying 
road grades were available since data from the chassis dynamometer were considered for 
this dissertation. Also, road grade and terrain were plotted on the drive cycles that might 
have already included grade effect in them. Therefore, mobile or portable emissions 
measurement systems could be utilized to collect data for varying grade on different 
terrains. That would allow development of an accurate correction factor for road grade 
and terrain.  
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Finally, predictive model proposed in this dissertation was applicable to diesel buses only 
and qualitative difference for CNG and hybrid-electric buses were not addressed. This 
model might be applied to hybrid-electric and natural gas buses provided future research 
looks into the variable divetrain efficiencies for hybrid buses and addresses the part-load 
efficiencies for natural gas buses. Also, this model considered data from 40-foot transit 
buses only. Therefore, research in collecting data from 60-foot transit buses and 
subsequent modeling were also recommended. Development of similar modeling tools 
for other bus technologies will enable transit operators to the efficient route assignment 
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Figure 64: The Beeline Cycle 
 
 











































Figure 66: The City Suburban Heavy-Duty Vehicle Cycle (CSHVC) 
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CYCLE PROPERTIES 
 
Table 13: Relevant properties of drive cycles, in order of ascending average speed 
 















Idle 1800 0.00 0.00 0.00 100 N/A 
NYBus 600 0.61 3.69 6.48 65.7 20.0 
Paris 1909 3.55 6.74 7.37 34.9 12.1 
Man 1099 2.07 6.77 7.33 37.1 10.2 
WMATA 1839 4.25 8.32 10.3 39.2 6.12 
NYComp 1029 2.51 8.77 9.44 32.5 7.17 
OCTA 1950 6.54 12.1 10.3 23.7 4.89 
CBD 586 2.01 12.4 8.46 21.6 7.45 
Braunsch-weig 1750 6.88 14.1 11.5 26.2 4.26 
ETC-Urban 600 2.36 14.1 8.44 11.3 1.28 
Beeline 1724 6.79 14.2 14.7 27.6 3.68 
CSHVC 1700 6.73 14.3 13.0 22.1 1.99 
Transient 688 2.85 14.9 13.4 18.4 1.75 
UDDS 1060 5.54 18.8 19.8 33.3 2.35 
KCM 1964 12.8 23.4 18.1 18.9 1.88 
Arterial 292 2.00 24.7 15.7 16.6 2.00 
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EMISSIONS AND FUEL CONSUMPTION (FC) DATA 
 
Table 14: Summary of emissions and FC data from the three John Deere lean-burn 
CNG buses (cycle name is followed by bus number mentioned in Table 1). 
 












NYBus-2639 0.460 30.90 51.10 0.140 5182 0.763 
NYBus-2621 0.323 44.20 54.80 0.110 4853 0.699 
NYBus-2640 0.310 36.30 57.70 0.031 5273 0.781 
Paris-2639 0.009 20.16 23.75 0.015 2794 0.410 
Paris-2621 0.031 18.80 28.60 0.020 2772 0.408 
Paris-2640 BDL 27.00 28.60 BDL 2964 0.437 
Man-2639 0.214 18.50 25.10 0.015 2972 0.437 
Man-2621 0.403 25.20 28.30 0.027 2823 0.415 
Man-2640 0.420 25.40 23.70 0.057 2853 0.418 
WMATA-2639 BDL 11.60 13.60 0.009 2266 0.330 
WMATA-2621 0.203 11.00 19.30 0.012 2242 0.329 
WMATA-2640 0.137 18.60 21.05 0.006 2307 0.338 
OCTA-2639 BDL 11.00 12.10 0.009 1823 0.266 
OCTA-2621 0.067 12.80 17.40 0.013 1768 0.260 
OCTA-2640 0.078 14.20 16.70 0.010 1938 0.284 
Braun-2639 0.106 13.10 13.40 0.016 1748 0.256 
Braun-2621 0.249 13.10 12.70 0.022 1707 0.249 
Braun-2640 BDL 12.00 18.20 0.022 1808 0.266 
NY-Comp-2640 0.060 28.50 23.60 0.014 2304 0.339 
CBD-2640 0.046 9.72 16.80 0.023 1813 0.267 
ETCUrban-2640 0.034 12.60 17.80 0.013 1500 0.222 
Beeline-2640 0.055 10.00 14.90 0.020 1888 0.276 
CSHVC-2640 0.041 9.28 13.40 0.011 1578 0.231 
Transient-2640 BDL 12.30 16.10 BDL 1561 0.230 
UDDS-2640 0.046 13.80 11.50 0.025 1507 0.221 
KCM-2640 BDL 11.50 10.00 0.039 1467 0.214 
ART-2640 0.025 7.81 8.02 BDL 1387 0.202 




 119  















NYBus-2501 2.269 53.00 63.40 0.058 5020 0.746 
NYBus-2502 2.478 64.20 86.80 0.063 5021 0.752 
NYBus-2503 2.228 71.10 77.10 0.047 5410 0.806 
Paris-2501 1.079 34.70 43.80 0.013 3031 0.452 
Paris-2502 3.767 40.71 59.81 0.017 2966 0.448 
Paris-2503 1.286 33.40 54.20 0.010 3015 0.452 
Man-2501 1.527 35.40 45.20 0.021 3202 0.476 
Man-2502 2.373 37.30 61.10 0.024 3188 0.481 
Man-2503 1.090 33.50 56.60 0.015 3263 0.490 
WMATA-2501 0.407 21.50 26.30 0.014 2545 0.375 
WMATA-2502 0.833 23.90 31.40 0.013 2468 0.366 
WMATA-2503 0.453 21.20 31.30 0.008 2524 0.375 
OCTA-2501 0.433 19.60 22.70 0.027 2164 0.368 
OCTA-2502 1.084 21.30 30.44 0.013 2156 0.319 
OCTA-2503 0.415 19.80 31.50 0.007 2234 0.321 
Braun-2501 0.886 21.60 28.90 0.031 2129 0.332 
Braun-2502 1.312 24.40 38.40 0.021 2121 0.316 
Braun-2503 0.520 18.50 32.40 0.025 2092 0.319 
NY-Comp-2503 1.491 29.90 58.60 0.022 2405 0.313 
CBD-2503 0.231 21.02 29.25 BDL 2082 0.310 
ETCUrban-2503 0.115 13.90 23.70 0.011 1600 0.239 
Beeline-2503 0.362 17.70 22.20 0.015 2200 0.324 
CSHVC-2503 0.362 13.10 23.00 0.003 1738 0.258 
Transient-2503 0.200 12.60 19.30 0.019 1619 0.240 
UDDS-2503 0.253 14.30 21.70 0.023 1646 0.244 
KCM-2503 0.297 12.60 17.30 0.012 1662 0.245 
ART-2503 0.274 11.80 14.20 BDL 1693 0.248 
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NYBus-9643 1.835 71.60 0.44 0.051 8542 0.885 
NYBus-9654 BDL 45.10 BDL 0.070 6484 0.671 
Paris-9643 0.476 35.60 0.16 0.014 4895 0.508 
Paris-9654 0.316 24.90 0.22 0.015 3777 0.391 
Man-9643 1.078 35.60 0.03 0.009 5297 0.549 
Man-9654 0.119 24.20 0.31 0.018 4031 0.418 
WMATA-9643 0.627 29.80 0.11 0.003 4327 0.448 
WMATA-9654 0.066 21.00 0.23 0.010 3296 0.341 
OCTA-9643 0.176 22.70 0.03 0.010 3464 0.358 
OCTA-9654 0.055 15.40 0.18 0.008 2859 0.296 
Braun-9643 0.396 19.10 0.00 0.009 3475 0.360 
Braun-9654 0.129 13.70 0.14 0.016 2712 0.281 
NY-Comp-9654 0.028 17.80 0.06 0.014 2596 0.269 
CBD-9654 0.045 13.40 0.09 0.029 2722 0.282 
ETCUrban-9654 BDL 11.10 0.12 0.028 1934 0.200 
Beeline-9654 0.071 16.00 0.09 0.011 2842 0.294 
CSHVC-9654 0.044 13.20 0.09 0.011 2207 0.229 
Transient-9654 0.188 11.80 0.25 0.014 2004 0.207 
UDDS-9654 0.057 11.94 0.08 0.015 2159 0.224 
KCM-9654 0.071 9.90 0.12 0.067 2140 0.222 
ART-9654 BDL 11.60 0.03 0.042 2284 0.236 
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NYBus-6146 9.092 18.10 2.151 0.378 6064 0.630 
NYBus-6150 10.060 19.58 2.504 0.427 6254 0.650 
Paris-6146 4.397 10.88 0.989 0.244 3239 0.336 
Paris-6150 4.912 10.91 0.876 0.218 3253 0.338 
Man-6146 3.299 12.14 0.769 0.237 3461 0.359 
Man-6150 5.529 12.05 1.315 0.239 3407 0.354 
WMATA-6146 4.548 8.94 0.892 0.167 2943 0.306 
WMATA-6150 4.590 9.25 1.060 0.170 2927 0.304 
OCTA-6146 1.412 7.75 0.365 0.147 2330 0.242 
OCTA-6150 2.488 8.61 0.654 0.148 2328 0.242 
Braun-6146 1.302 7.78 0.311 0.144 2222 0.230 
Braun-6150 1.528 8.45 0.329 0.136 2260 0.234 
CBD-6146 2.169 9.11 0.731 0.222 2434 0.253 
CBD-6150 2.723 9.15 0.882 0.194 2346 0.244 
NY-Comp-6150 4.110 7.90 1.030 0.140 2037 0.212 
ETCUrban-6150 2.538 6.95 0.842 0.103 1738 0.181 
Beeline-6150 2.004 8.23 0.513 0.151 2506 0.260 
CSHVC-6150 1.711 6.32 0.374 0.096 1856 0.193 
Transient-6150 2.622 6.55 0.837 0.090 1812 0.188 
UDDS-6150 1.714 6.24 0.545 0.120 1892 0.196 
KCM-6150 0.899 6.31 0.314 0.100 1832 0.190 
ART-6150 0.916 6.63 0.335 0.115 1929 0.200 
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Table 18: Summary of emissions and FC data from the three diesel hybrid-electric 
buses 
 












NYBus-6001 0.330 17.42 0.254 0.055 3899 0.404 
NYBus-6003 0.000 15.96 0.168 0.035 3778 0.391 
Paris-6001 0.735 11.04 0.192 0.016 2318 0.240 
Paris-6003 0.165 11.36 0.090 0.005 2535 0.263 
Man-6001 0.014 11.30 0.191 0.005 2454 0.254 
Man-6003 0.074 11.07 0.104 0.013 2504 0.259 
WMATA-6001 0.479 9.95 0.048 0.010 2199 0.228 
WMATA-6003 0.000 9.76 0.009 0.003 2230 0.231 
OCTA-6001 0.095 8.29 0.006 0.044 1836 0.190 
OCTA-6003 0.000 8.81 0.000 0.006 1972 0.204 
Braun-6001 0.031 8.10 0.060 0.014 1779 0.184 
Braun-6003 0.000 7.40 0.000 0.004 1709 0.177 
NY-Comp-6003 0.000 8.69 0.000 0.016 2027 0.210 
CBD-6003 0.000 8.29 0.099 0.017 1869 0.194 
ETCUrban-6003 0.010 6.75 0.040 0.017 1546 0.160 
Beeline-6003 0.000 8.14 0.002 0.006 1954 0.202 
CSHVC-6003 0.000 6.81 0.001 0.007 1552 0.161 
Transient-6003 0.081 7.17 0.048 0.012 1659 0.171 
UDDS-6003 0.050 7.55 0.019 0.029 1771 0.183 
KCM-6003 0.000 7.75 0.054 0.035 1716 0.178 
ART-6003 0.000 7.48 0.027 0.012 1764 0.183 
COMM-6003 0.000 7.02 0.014 0.061 1603 0.166 
 
